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Randomized complete block designs with three replications were utilized to
evaluate the effects of fumigation with sulfuryl fluoride (SF) (0, 12, 24, 36 and 72 mg/L),
phosphine (PH3) (0, 200 and 1000 ppm at 48 hr), methyl bromide (MB) (0, 4, 8, 16, and
32 mg/L for 48 hr), carbon dioxide (CO2) (0, 60% at 48 hr and 60% at 96 hr) and ozone
(O3) (0 ppm and 175 ppm for 48 hr) on the volatile flavor compound concentrations in
dry cured ham. Fluoride and SF concentrations increased (P < 0.05) in dry cured hams as
SF fumigation concentration increased, but all samples contained fluoride and SF
concentrations below the legal limits of 20 and 0.01 ppm, respectively. Also, as
phosphine fumigation concentration increased, the residual concentration of phosphine
also increased in the hams (P < 0.05), but all samples contained levels that were lower
than the legal limit of phosphine in stored food products (0.01 ppm).

Minimal

differences existed in the presence and concentration of aroma active compounds in

fumigated hams when compared to the control. Triangle tests indicated that consumers
could not discern (P > 0.75) between the control hams and the fumigated hams. This
study revealed that there were minimal aroma/flavor differences among control hams and
hams that were fumigated with SF, PH3, MB, CO2 or O3 and that fumigation of dry cured
ham with SF and PH3 were safe and met legal requirements for consumption. This reveals
that SF, PH3, CO2 and O3 could be tested at the industrial level to determine their efficacy
as potential alternatives to methyl bromide to treat dry cured hams for insect pests.
Keywords: dry cured ham, methyl bromide, sulfuryl fluoride, phosphine, carbon dioxide,
ozone, volatile flavor compounds, triangle test
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CHAPTER I
INTRODUCTION

American dry cured ham is a valued tradition with regional variations in its curing,
smoking and aging stages that result in subtle differences in the final flavor of the meat
product (Marriott and Ockerman, 2004). By definition, true American dry-cured ham is
cured with a dry salt cure, loses at least 18% of its original weight during curing and
contains a minimum of 4% salt (USDA, 1999). Dry cured meat is a good source of food
for pests which include ham mites (Tyrophagus putrescentiae), red-legged ham beetles
(Necrobia rufipes), cheese skippers and larder beetles, as they sometimes infest dry cured
hams during the aging process. Dry cured hams are fumigated with methyl bromide to
prevent the infestation of ham mites, ham beetles, cheese skippers and dermestid beetles
(EPA, 2006). Currently, there are at least 35 dry cured ham processing facilities in
Kentucky, Missouri, North Carolina, Virginia, Tennessee, and Georgia, and 22 of these
facilities fumigate dry cured pork with methyl bromide (Rentfrow et al., 2008).
Methyl bromide is a versatile chemical with a wide range of applications. It has
been used commercially for more than 40 years to control pests such as fungi, bacteria,
soil-borne viruses, insects, mites, nematodes and rodents. Methyl bromide is a broad
spectrum pesticide that is the only known fumigant/method that is effective at eradicating
ham mite infestations. However, this fumigant also depletes the stratospheric ozone layer
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(Marriott and Schilling, 2004). Anthropogenic methyl bromide use has contributed to 4%
of ozone depletion over the past 20 years and if it is not phased out, its continued use may
contribute to an additional 5-15 % of ozone depletion in the future (EPA, 2006). Methyl
bromide is classified as a Class 1 ozone depleting substance with an Ozone Depleting
Potential (ODP) of more than 0.2 (EPA, 2007). Methyl bromide emissions contribute to
the thinning of the ozone layer, which allows an increased amount of radiation to reach
the earth’s surface, with a potential impact on humans and agricultural crops (EPA, 2006).
According to the Montreal Protocol (an international agreement ratified by more
than 180 countries), methyl bromide use will be phased out of all industries by 2015
(EPA, 2004). Therefore, potential alternatives to methyl bromide must be researched and
discovered for all industries. Potential alternative fumigants and methods must be
evaluated for their ability to eradicate ham mite (Tyrophagus putrescentiae) and red
legged ham beetle (Necrobia rufipes) infestations in dry cured ham. These potential
alternative methods and fumigants must also be evaluated for their effects on the
economic viability, sensory quality and safety of dry-cured hams. Both the
Environmental Protection Agency (EPA) and the United States Department of
Agriculture (USDA) are working together with scientists and farmers to avail
economically viable and environmentally sound alternatives to methyl bromide (EPA,
2006). The EPA has issued a critical use exemption for post harvest uses such as food
processing and commodity storage including dry cured pork products, since effective
alternatives are not yet available for use (EPA, 2006). Potential chemical alternatives to
methyl bromide include phosphine, sulfuryl fluoride, dazomet, 1,3-dichloropropene,
carbonyl sulfide, carbon dioxide, and nitrogen. These chemicals have previously been
2



used to prevent or eradicate insect infestations through modified or controlled
atmospheric conditions (EPA, 1995).
Sulfuryl fluoride (SF), a chemical which was developed in the 1950s (Meikle and
Stewart, 1962), is currently produced by DOW Agrosciences under the trade name
ProFume. This fumigant has been marketed as a potential alternative to methyl bromide
and was registered for use in processing facilities that produce dry cured ham in the
summer of 2005 (EPA, 2005). SF is an excellent broad spectrum fumigant due to its
toxicity to target pests, and good dispersion and penetrating qualities. SF is as effective as
methyl bromide at controlling grain weevils, flour beetles, and other pests associated with
some food products (NPMA, 1998), but no research has been reported on its
effectiveness against the pests commonly associated with dry cured pork. It is effective
against the adult, pupal, and larval life stages of insects, but it is not as active as methyl
bromide against the egg stage (Zettler et al., 2001). Control of insect eggs may require an
increased exposure time or increased concentration of sulfuryl fluoride (Outram, 1970).
The registration of SF states that there can be no more than 20 ppm fluoride and 0.01
ppm sulfuryl fluoride in the final ham product. It has been reported that when SF is used
to fumigate food products, it can be absorbed by oils and sulfate and fluoride ions may
bind to proteins, resulting in the possibility of unsafe residues in the product (EPA, 2004)
as well as variability in volatile compound composition that could affect product quality.
Phosphine, another possible potential alternative to methyl bromide, is a rapidly
acting fumigant that does not leave residue in stored products. The legal limit of
phosphine in processed food products is 0.01 ppm (EPA, 1999). Phosphine is highly toxic
to organisms that undergo oxidative respiration, but is non toxic to organisms that can
3



survive in low oxygen environments (<1%) or that can anaerobically respire. Phosphine
can eliminate all stages of insect life (egg, larvae and adults). Degesch Magtoxin Prepac
spot fumigant (with Magnesium Phosphide as the active ingredient; trade name for
phosphine) is specially designed for protection from insect damage that occurs in stored
commodities (Degesch America Inc., 2007).
Another potential alternative to methyl bromide fumigation is treatment with
ozone. Ozone is an advantageous, non thermal technology that is utilized to safeguard
food products. Research has been performed on ground beef, chicken and turkey breast,
and it was determined that ozone gives a biocidal effect against pathogenic organisms
and some life stages of insects which can negatively affect meat quality (Steiner and
Yuan, 2001). Applying ozone and vacuum or pressure in addition to carbon dioxide or
nitrogen gas provides a synergistic effect against some arthropods as it acts as a
neurotoxin and also maintains the quality of the meat (Leesch and Tebbets, 2002;
Callahan, 2003). The residual limit for ozone in food products ranges from 0.01 to 0.1
ppm. For efficient use of ozone, an ozone generator will be used to treat hams.
Carbon dioxide (CO2) treatment of dry cured hams is also considered a potential
alternative to methyl bromide fumigation. This treatment does not produce harmful
residues. It is effective in killing insects in all stages of their life cycles and could be used
for long-term storage of products. CO2 fumigation should be practiced under completely
sealed storage. Carbon dioxide treatment is very effective for controlling pests of stored
products, especially organic commodities that undergo long-term storage. Carbon dioxide
has a unique quality to dispense insecticide chemicals and it is an approved organic grain
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fumigant. Carbon dioxide alone in concentrations greater than 99% can kill ham mites
(UNEP Report, 2007).
The objectives of this research were to evaluate the effects of various fumigants
and potential alternative processing methods (sulfuryl fluoride, phosphine, carbon
dioxide, ozone, and methyl bromide) on the quality and safety of dry cured hams for their
effectiveness at eradicating ham mite (Tyrophagus putrescentiae) and red legged ham
beetle (Necrobia rufipes) infestations. This was carried out through chemical analysis,
volatile compound composition, and determination of sensory variability in dry cured
hams that had been fumigated with methyl bromide and treated with potential alternatives
to methyl bromide.
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CHAPTER II
LITERATURE REVIEW

2.1. Dry Cured Ham
Dry curing of hams is a traditional process within the European Mediterranean
region that leads to a shelf-stable product with unique flavor (Flores and Toldra, 1993).
Country hams are cuts from the hind leg of a hog that have been cured without the
injection of water and processed according to the traditional prolonged methods (Cordoba
et al., 1994). American dry cured ham is a valued tradition with regional variations in its
curing, smoking and aging stages that result in subtle differences in the final flavor of the
meat product (Marriott and Ockerman, 2004). By definition, true American dry-cured
ham is cured with a dry salt cure, loses at least 18% of its original weight in curing and
contains a minimum of 4% salt (USDA, 1999). The American ham-curing process has its
roots in Virginia where the first hams were said to be cured in the Jamestown colony
when the colonists adopted the curing process for preserving game that was used by the
Warascoyak Indians (Marriott and Ockerman, 2004). The loss of moisture produces a
more intense flavor and deepens the color of the ham. The hams are characterized by low
marbling, firm texture and a typical flavor that can be more or less intense depending on
the length of aging (Toldra et al., 1997). Upon maturation, dry cured hams develop
characteristic, pleasant sensory qualities.
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The economic value of country hams is considerable. In 2005, approximately 3.4
million hams were processed by the 20 companies that are members of the National
Country Ham Association (NCHA). The retail value of these hams exceeded 100 million
dollars. Total US dry cured ham production by both NCHA members and non members
for 2005 was estimated at 6.5 million hams. Also according to the NCHA, it is difficult to
track the exact number of dry cured hams sold by non members, so it may even exceed
their estimation (Voltz and Harvell, 1999; Ramos et al., 2007).

2.2. Manufacturing of Dry Cured Ham

2.2.1. European vs. American dry cured hams
In the Mediterranean regions of Europe, the term “cured” is used to define hams
that are processed with a long period of aging (usually between 6 to 12 months) which
induces enzymatic action that causes the development of a distinctive flavor. However,
in the northern region of Europe, the term “cured” is limited to products that receive
nitrate during processing (Flores et al., 1997). A dry-cured product is one subjected to
drying and ripening after the addition of dry ingredients and a time for these ingredients
to equalize throughout the tissues (Flores and Toldra, 1993). In Spain, ham production
began in the 2nd century BC. History suggests that Cantabria and Cerdena were the first
and most important ham producing regions, and exportations were directed to Rome and
the Orient (Gonzalez and Ockerman, 2000). The quality of dry-cured ham depends on
multiple factors, such as animal breeding, animal age, feeding, environmental conditions
prior to slaughter (antemortem factors) and refrigeration and transportation of the product
7



(postmortem factors). However, the most important factors that influence the sensory
properties of hams are the raw materials and the ripening conditions (Toldra et al., 1997;
Toldra, 1998). Spanish (Iberian and Serrano), Italian (Parma and San Daniele), and
French (Bayonne) hams are representatives of high-quality dry-cured hams of the
Mediterranean areas. Dry cured hams are cured and/or smoked (which is optional
process) and then aged. American dry-cured hams also differ usually according to the
location of production. Dry cured hams are produced in Virginia, Kentucky, North
Carolina, Tennessee, Georgia and Missouri. Historically, the hams were produced from
Berkshire black pigs raised mostly on corn. However availability and pricing of hams
commonly dicatate which hams are used in today’s market. These pigs have a high
proportion of marbling fat, and are cured up to a year. Some of the best hams are smoked
over hardwoods like walnut, oak, maple or apple. A long salt curing phase necessitated
by the local climate makes the final product very salty- up to three times the salt of a
Spanish Jamon Serrano (Jamon.com). American hams are usually soaked in water prior
to cooking to remove some of the salt. They are usually simmered in water and then
baked or sliced and fried in contrast to European hams that are often eaten uncooked
(Gonzalez and Ockerman, 2000).

2.2.2. Curing
Curing includes the application of dry curing ingredients on the ham, picnic or
belly surface. The most important curing ingredients are salt and nitrates and some times
nitrites. Optional ingredients such as sugar and pepper can be included to impart distinct
sensory properties to the end product. The typical ham curing procedure in American dry
8



cured hams results in the application of about 8.0% salt, 3% sugar and 2,180 ppm of
sodium nitrate where processors can choose to supplement up to 140 ppm of sodium
nitrite into the cure application (Marriott and Schilling, 2004). The role of curing
ingredients is the same in both American and European dry cured hams. The main role of
salt in the dry-curing process is to act as a bacteriostatic agent by inhibiting the growth of
spoilage microorganisms through reduction of the available water (aw) (Toldra et al.,
1997). Salt also increases the solubility of myofibrillar proteins and affects the flavor of
the product by imparting a characteristic salty taste that is unique to dry cured hams.
Nitrate is reduced to nitrite by nitrate reductase which is a bacterial enzyme that is
present in the natural flora of ham which is further reduced to nitric oxide. The nitric
oxide then reacts with myoglobin and imparts the cured pink color and flavor to the ham
(Toldra, 2002). In addition to the above mentioned reaction, nitrite also inhibits the
growth of Clostridium botulinum (Cassens, 1995). Sugar can be used to counteract the
harshness of salt, accelerate the curing process and impart a caramelized flavor when the
dry cured ham is heated or cooked.
The curing mixture is applied to the surface of hams in a dried granular form for
one and half days per pound of uncured weight at 36°- 40° F (Graham et al., 1998). Hams
should be cured 7 days per 2.5 cm of cushion depth. The curing ingredients diffuse into
the center of the ham slowly. After curing, the hams may be soaked in water for 1 hour or
wiped and brushed. This removes most of the residual surface curing mix and makes the
meat receptive to smoke. After cure removal by washing, the cured product is stored in a
50-60°F environment for approximately 14 days to permit the cure adjuncts to be
distributed evenly throughout the ham (Marriott and Ockerman, 2004). Hams should be
9



hung in an aging room so that they do not touch each other. The product shrinks
approximately 8-10% during cure application and equalization. The relative humidity is
kept below 75% during this process to prevent any possible microbial growth and
production of off flavors. The dry cured hams can then be smoked to enhance their color
and flavor (Graham et al., 1998; Marriott and Ockerman, 2004).

2.2.3. Aging
The last step in production involves aging of the hams. The aging period is the
time that the characteristic flavor is developed. This is a very important step. Hams can
be aged for 45-360 days at 75-95°F and a relative humidity of 55-65%. An exhaust fan
controlled by a humidistat is often used to limit mold growth and prevent excessive
drying (Graham et al., 1998). Air circulation is needed, particularly during the first 7-10
days of aging, to dry the ham surface. Approximately 8-12% of the initial weight is lost
during aging of hams (Graham et al., 1998; Marriott and Ockerman, 2004). The high
protein and moisture level makes dry cured ham a good food source for pests, which
include ham mites and other insects such as cheese skippers, larder beetles, and redlegged ham beetles, that can infest the dry cured hams during the aging process.

2.3. Prevention measures against the pests during aging
Necessary prevention measures should be taken to protect dry cured hams from
ham mites, cheese skippers, larder beetles, and red-legged ham beetles. The curing and
aging should be started during cold weather as these insects are inactive at that time.
Proper cleaning of the aging and storage areas is essential since the cheese skipper feeds
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and breeds on grease and tiny scraps of meat lodged in cracks. Cracks should be sealed
with putty or plastic wood after cleaning (Graham et al., 1998). Screens should be
installed to prevent entrance-especially of flies, ants and other insects that carry mites.
Double entry doors are recommended to reduce infestation of insects. After cleaning and
sealing cracks, a surface spray should be applied to the floor so that the thin layer of
insecticide will kill crawling insects. Aging rooms should be sprayed once every three
months with an approved permethrin spray to reduce infestation. Mixing and application
directions should be followed according to the labels of insecticides. The hams can be
protected by placing a barrier between the meat and the insects. Deli paper or wax paper
can be used to wrap the dry cured hams (Rentfrow et al., 2008). The hams should be
hung in a dry, cool, clean, tight and well ventilated room for aging (Graham et al., 1998).
According to Rentfrow et al., (2008), a combination of various practices can help prevent
insect infestations in country hams. The areas outside the plants must be kept clean and
free of garbage, debris and old equipment. Trees and shrubs should not be planted at least
within the area of 0.61 meters around the ham houses as they can harbor insects and
mites. In addition, grass and weeds should be mowed and trimmed on a regular basis. The
areas inside the ham plants must be kept clean and sanitized. The floors and walls of the
aging room should be cleaned regularly as country hams continue to lose weight during
aging. Thus moisture and fat accumulate on floor and attract pests. An effective pest
control program must be maintained in the ham plant. To prevent cross contamination
between ham houses, movement of plant personnel through aging houses should be
limited. The aging house, storage racks and other equipment should be thoroughly
cleaned and sanitized at the end of the ham aging period and before the next ham season.
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2.4. Fumigation
Fumigation, with an effective fumigant that is targeted for specific pest species
and a specific food product, is the most successful and economical method for the
protection of cereal grains and other food products from the infestation of stored product
insects (Utah Department of Agriculture, 1996). Under favorable conditions, a fumigant
will reach all parts of the storage and stored commodity and is usually as effective at
eradicating eggs as it is at eradicating adults and hidden stages of pest species. A
fumigant is a chemical vapor or gas that penetrates objects or enclosed areas in
concentrations that are lethal to pest organisms (Utah Department of Agriculture, 1996).
Fumigants kill by interfering with the respiratory function of the target pests. They
replace oxygen molecules in air so pests die due to smothering or lack of oxygen. Some
fumigants enter tissues and disrupt enzymes that pests use for respiration. The killing
action of the fumigant is influenced by its concentration in the atmosphere, the length of
time it stays in the atmosphere, and the temperature and humidity of the area at the time
of the fumigation. Fumigants are quick acting gases that diffuse through cracks, crevices
and all other parts of the structure that were treated where target pests may occur.
However, the application of a fumigant can be time consuming, expensive and more
labor intensive (Utah Department of Agriculture, 1996).

2.5. Methyl Bromide Fumigation- Importance and Phase-out
Methyl bromide is a broad spectrum fumigant that is used to kill insects, mites,
rodents, micro flora and nematodes. In the U.S, about 21,000 tons of methyl bromide is
used annually in agriculture, primarily for soil fumigation (85%), for commodity and
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quarantine treatment (10%) and for structural fumigation (5%) (EPA, 2006). Globally,
about 72,000 tons of methyl bromide is used annually with North American methyl
bromide use accounting for 38% of global applications (EPA, 2006). Methyl bromide is
the only known fumigant/method that is effective at eradicating ham mite infestations
(Marriott and Schilling, 2004), but methyl bromide also depletes the stratospheric ozone
layer. Methyl bromide is classified as a Class 1 ozone depleting substance (ODS) with an
Ozone Depleting Potential (ODP) of more than 0.2 (Selwyn et al., 1997; EPA, 2007).
Anthropogenic methyl bromide has contributed to 4% of ozone depletion over the past 20
years and if it is not phased out, its continued use may contribute to an additional 5-15 %
of ozone depletion in the future (EPA, 2006). Methyl bromide emissions contribute to the
thinning of the ozone layer, which allows an increased amount of radiation to reach the
earth’s surface, with potential impact on humans and agricultural crops (EPA, 2006).
According to an international agreement (The Montreal Protocol) that was ratified
by more than 180 countries, methyl bromide use will be phased out of all industries by
2015. The Montreal Protocol governs the production and trade of ODS (EPA, 2004).
Therefore, potential alternatives to methyl bromide must be researched. The choice of
alternatives depends on specific crop and target pests. For dry cured hams, alternative
fumigants and treatments must be evaluated for their ability to eradicate ham mite
(Tyrophagus putrescentiae) and red legged ham beetle (Necrobia rufipes) infestations.
These potential alternative methods and fumigants must also be evaluated for their effects
on the following items: economic viability of processors to use these potential alternative
methods, effects on sensory quality of the ham product and effects on the safety of the
ham product. The potential alternatives should be comparable in all aspects to methyl
13



bromide and this criterion includes: (a) it should be easily and safely applied, (b) it
shouldn’t be labor intensive, (c) it should be cost competitive, (d) it should yield excellent
insect control, and (e) it should not affect the sensory quality of dry cured hams. Both the
Environmental Protection Agency (EPA) and the United States Department of
Agriculture (USDA) are working together with scientists and farmers to avail
economically viable and environmentally sound alternatives to methyl bromide (EPA,
2006). The Montreal Protocol and the Clean Air Act provide for limited continued
production and import of methyl bromide under specific exemptions. In accordance with
this policy, EPA is also in the process of phasing out the use of methyl bromide but has
issued critical use exemptions for post harvest uses such as food processing and
commodity storage. Dry cured pork products are included in this exemption, since
effective alternatives are not yet available for use (EPA, 2006). In the year 2008, the
amount of methyl bromide nominated for use by the National Country Ham Association,
the American Association of Meat Processors, Gwaltney of Smithfield and Nahunta Pork
Center were 709, 18,144, 726 and 91 kg respectively. According to the nomination
submitted in year 2009, methyl bromide critical use nomination for post harvest dry cured
pork products amount is 3,730 kg for the year 2011 which is comparatively less than the
nominated amount of methyl bromide (4,465 kg) in 2010. Some potential chemical
alternatives to methyl bromide exist such as phosphine, sulfuryl fluoride, dazomet, ozone,
1,3-dichloropropene, carbonyl sulfide, carbon dioxide and nitrogen that have been
researched which can prevent insect infestations through modified or controlled
atmospheric conditions (EPA, 1995). However, minimal research has been reported on
the effectiveness and/or feasibility of using any of these products to fumigate dry cured
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hams and prevent pest infestations. Currently, there are approximately 35 dry cured ham
processors in the U.S. in Kentucky, Missouri, North Carolina, Virginia, Tennessee, and
Georgia, and at least 22 of these facilities that fumigate dry cured pork with methyl
bromide (Rentfrow et al., 2008).

2.6. Potential Alternatives to Methyl Bromide Fumigation

2.6.1. Sulfuryl Fluoride
Sulfuryl fluoride (SF) was developed in the 1950s (Meikle and Stewart, 1962) and
is now produced by DOW Agriscience under the trade name ProFume. This fumigant
has been marketed as an alternative to methyl bromide and was registered for use in
processing facilities that produce dry cured ham in the summer of 2005 (EPA, 2005).
Sulfuryl fluoride is an excellent broad spectrum fumigant due to its toxicity to target pests,
good dispersion and penetrating qualities. Sulfuryl fluoride has vapor pressure nearly ten
times higher than that of methyl bromide. This makes it more effective than methyl
bromide at penetrating into treated commodities (Rajendran, 2001). Sulfuryl fluoride is as
effective as methyl bromide at controlling grain weevils, flour beetles, and other pests
associated with some food products (NPMA, 1998), but no research has been reported on
its effectiveness against the pests commonly associated with dry cured pork. It is
effective against the adult, pupal, and larval life stages of insects, but it is not as active as
methyl bromide against the egg stage (Zettler et al., 2001). The pre adult stages of insects
are generally more tolerant to fumigants, due to lower respiratory rates compared to adult
insects. SF reduces the amount of oxygen taken up by insect eggs. Eggs are less
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susceptible than adults primarily because the egg shell limits the passage of sulfuryl
fluoride. It has been reported that the control of insect eggs may require an increased
exposure time or increased concentration of sulfuryl fluoride (Outram, 1970). The egg
stage is the most tolerant to fumigants as a result of impermeability and lack of uptake of
fumigants by epiembryonic tissues, especially the chorion. The results have showed that
eggs require 7-30 times (at LC50) more sulfuryl fluoride compared with adult and larval
stages (Su and Scheffrahn, 1990). The registration of SF states that there can be no more
than 20 ppm fluoride and 0.01 ppm sulfuryl fluoride in the final ham product. Therefore,
it is important to evaluate hams that have been treated with SF for residual fluoride and
sulfuryl fluoride concentrations.
It has been reported that SF fumigation of food products, can lead to the
absorption of SF by oils and the binding of sulfate and fluoride ions to proteins, resulting
in the possibility of the presence of unsafe residues in the product (EPA, 2004) as well as
variations in volatile compound composition that could affect product quality. Sulfuryl
fluoride quickly dissipates in the atmosphere once the gas moves outside of the structure
during the ventilation process. Sulfuryl fluoride does not contribute to local ozone
formation or stratospheric ozone depletion (NPTN, 2000).
The mode of action for SF is that it breaks down to fluoride and sulfate inside the
insect body. Fluoride is the primary toxin which interferes with the metabolism of stored
fats and carbohydrates that the insect needs to maintain a sufficient source of energy by
disrupting glycolysis and the citric acid cycle (Meikle et al., 1963). The insect then uses
protein and amino acids as an alternative source of energy but the insect still usually dies
as its metabolic rates does not increase sufficiently (Meikle et al., 1963; NPTN, 2000).
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Sulfuryl fluoride is an effective potential alternative to methyl bromide for 24-48 h
fumigations for stored product insect pests in food processing plants (Small, 2007). When
introduced into the structrure, SF achieves equilibrium within 2 hours and maintains
equilibrium throughout the exposure period, even in buildings with poor internal air
circulation. According to Dow AgroSciences, Profume rapidly distributes throughout the
structure and reaches equilibrium much faster and is less likely to pocket in areas with
little air movement or in low points within the building as compared to methyl bromide.
A study was conducted by Small (2007) to show the comparison between the impact of
sulfuryl fluoride and methyl bromide fumigations on stored product insect populations in
UK flour mills. The studies showed that sulfuryl fluoride had good efficacy against
infestations of stored pests and compared very favorably with the efficacy of methyl
bromide (Small, 2007).

2.6.2. Phosphine
Phosphine (PH3) is used worldwide as a fumigant to disinfest stored products and
processed foods. Its prominence as a fumigant is due to its low cost, ease of application,
lack of residues, and potency (Zuryn et al., 2008). Phosphine is effective against all
respiring pest species. It does not leave toxic residues in treated communities, does not
harm viability of seeds, and can be generated in situ from solid metal phosphide products
that are exposed to moist air. Phosphine rapidly diffuses in air so a recirculation system is
not required during normal fumigations. Phosphine is particularly suited for use in the
tropics, where a 5–7 day exposure at an effective concentration provides complete control
of all insect pests. In temperate regions, longer exposures (up to 3 weeks) may be
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required to achieve similar effects. Phosphine is also used for the disinfestation of empty
buildings and food processing facilities such as flour mills (Chaudhry, 2002). Phosphine
has been approved for use in many food storage situations and is typically applied to
cereals, nuts, dried fruits, pulses, oilseeds and dried animal products. Phosphine rapidly
diffuses in air as it has a similar density to that of air. Thus, fumigation with phosphine
does not require any circulation system for distribution within the fumigated space
(Chaudhry, 1997). Although PH3 is extremely volatile and diffuses rapidly, minimal
residues persist in food commodities following fumigation (Longobardi and Pascale,
2008). The legal limit of phosphine in processed food products is 0.01 ppm (EPA, 1999).
Phosphine is highly toxic to organisms undergoing oxidative respiration, but is non toxic
to organisms that can survive in low oxygen environments (<1%) or that can
anaerobically respire. So phosphine should be very effective on red legged beetles but
may be less effective at eradicating ham mites. Phosphine can eliminate all stages of
insect life (egg, larvae and adults) (Bell, 1976). The toxicity of phosphine to all stages of
13 species of stored product beetles was determined. The results showed that phosphine
is most effective at higher temperatures and also that longer exposures at low
concentrations were far more effective than short exposures at higher concentrations
(Hole et al., 1976). Several PH3 based pest control procedures generate PH3 by
decomposition of metal phosphides. The most widely used phosphides are aluminium
phosphide or magnesium phosphide (Longobardi and Pascale, 2008). Degesch Magtoxin
Prepac spot fumigant (with Magnesium Phosphide as the active ingredient; trade name
for phosphine) is specially designed for protection from insect damage that occurs in
stored grains, including Necrobia rufipes (Degesch America Inc., 2007). Phosphine is a
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strong reducing agent of biological redox systems, especially the components of the
mitochondrial electron transport chain, that is probably the site of its action in insects.
Phosphine is believed to disrupt normal oxygen metabolism in insects, which causes the
production of highly deleterious ‘oxyradicals’ and other intermediates (Bolter and
Chefurka, 1990; Lam et al., 1991; Chaudhry and Price, 1992). These radicals can wreak
havoc on vital proteins and enzymes, resulting in the insecticidal action of phosphine
(Chaudhry, 2002). Studies on isolated rat liver have shown that PH3 inhibits the
mitochondrial oxygen uptake due to its reaction with cytochrome C and cytochrome C
oxidase. PH3 also inhibits insect catalase activity. There are multiple factors that
influence metabolism, and mitochondrial function has a direct influence on phosphine
toxicity. Mitochondrial membrane potential, rate of electron flow through the
mitochondrial respiratory chain, ATP levels, metabolic supply versus demand, and
mitochondrial generated oxidative stress are all metabolic factors that contribute to the
effectiveness of phosphine at eradicating pests (Zuryn et al., 2008).

2.6.3. Ozone
Ozone (O3) is formed by a high energy input that splits the oxygen (O2) molecule
in the air. Single oxygen (O) molecules rapidly combine with available O2 to form ozone.
It is approved for use in the U.S. food processing industry to protect our food from
dangerous pathogens (Beuchat, 1991). In July 1997, ozone was deemed “generally
recognized as safe” (GRAS) as a disinfectant for foods by an independent panel of
experts sponsored by the Electric Power Research Institute. The strength of the case for
using ozone may rest with its versatility and environmental benefits over some existing
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food sanitizing methods. Ozonated water can be used on food products as a disinfectant
wash or spray. When dispersed into water, ozone can kill bacteria like E. coli faster than
traditionally used disinfectants, such as chlorine since it is a more powerful oxidant than
chlorine. Ozone also acts as a disinfectant in its gaseous state and can be applied to
sanitize food storage rooms and packaging materials, which may help to control insects
during the storage of foods and help prevent the spoilage of produce during transport.
Next to fluorine, ozone is known as the most powerful oxidizing agent that is readily
available. Ozone is effective at killing microorganisms through the oxidation of their cell
membranes, and most of the pathogenic foodborne microbes are quite susceptible to this
oxidizing effect (Beuchat, 1991). During food processing operations, surface disinfection
of the raw or partially-processed commodities is very important. Ozone has been used as
a potential antimicrobial treatment to decontaminate beef tissues. Ozone is a very
effective germicide against viruses, bacteria, yeast, mold and spores (Restaino et al.,
1995; Finch and Fairbairn, 1991; Korich et al., 1990; Larson, 1988). The method of
action for oxidants is to cause irreversible damage to the fatty acids in the cell membrane
and to cellular proteins of the microorganisms (Reagon et al., 1996; Luck and Jager,
1998). Ozone can eliminate insects in grain storage facilities without harming food
quality or the environment. Ozone gas is unstable and decays naturally into diatomic
oxygen, thus leaving no residues. The rate of decay of ozone is generally dependent on
temperature and the surfaces with which it comes in contact with. Ozone is usually
produced industrially by subjecting oxygen to an electric arc although it can be
chemically generated with UV light. In a recent study, the volatile flavor compounds in
JinHua ham treated with UV light and ozone was analyzed using SPME-GC/MS. The
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results showed that there are no obvious effects on volatile flavor compounds and sensory
evaluation of cured ham treated with UV light and ozone for 40 min and 30 min,
respectively (Yan et al., 2006). Several studies have been reported regarding ozone
fumigation on fruits, vegetables and stored grains. In addition, ozone toxicity has been
tested on a variety of insect pests. Kells et al., (2001) found that corn that is fumigated
with 50 ppmv ozone for 3 days resulted in 92-100% mortality of the adult red flour beetle,
Tribolium castaneum, adult maize weevils, Sitophilus zeamais, and larval Indian meal
moths, Plodia interpunctella. Bonjour et al., (2008) evaluated ozone for its effectiveness
against six species of stored grain insect pests. The rice weevil, Sitophilus oryzae adults,
were the most susceptible species with 100% mortality reached after 2 days exposure at
50ppmv and after 4 days exposure at 25 ppmv ozone. Tribolium castaneum adults had
100% mortality after 4 days exposure at the 50 ppmv concentration. Gaseous ozone was
reported to inactivate fungal spores on stored wheat by Wu et al., (2006) and on barley by
Allen et al., (2003).

2.6.4. Carbon Dioxide
Carbon dioxide (CO2) is an “organic” fumigant that produces no harmful residues
and is relatively safe to use. It is effective at killing insects in all stages of their life cycles
and could be used for long-term storage of products (Ryan et al., 2006). CO2 is the only
fumigant that can be used to control insect pests in organic product storage. Carbon
dioxide treatment is effective at controlling pests that are associated with stored products,
especially organic commodities. It is also an efficient method for long-term storage.
Carbon dioxide controlled atmosphere fumigation plays an important role in the
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production of residue free grains (Ryan et al., 2006). The use of carbon dioxide as a
fumigant is accepted by biodynamic and organic markets since it is not considered a
chemical treatment. High concentrations of CO2 have been shown to be effective in
controlling various insect pests, including the codling moth (Soderstrom and Brandl,
1989), adult flower beetles (Banks and Fields, 1995; Seaton and Joyce, 1993), black field
crickets (Stevenson and Hurst, 1995), green peach aphids (Carpenter, 1997; Van
Epenhuijsen et al., 2002) and two spotted spider mites (Mitcham et al., 1997). High
concentrations (50-90%) of CO2 have also been used with success to control Western
flower thrips, Frankliniella occidentalis (Pergrande) on strawberries (Aharoni et al.,
1981). New Zealand flower thrips (Thrips obscuratus) showed high mortality when
exposed to 60% CO2 (Carpenter et al., 1996). According to Page et al., (2002), carbon
dioxide fumigation can slowly cause mortality in thrips in onions at a 65% CO2
concentration, but total mortality was only achieved when concentrations of 90-95% CO2
were applied for 2-3 days at 0°C. To be effective, elevated CO2 atmospheres must be
maintained until all insects die. The required exposure time is dependent on the
concentration of CO2 and the treatment temperature. The successful use of CO2 as a
fumigant depends on the initial concentration achieved and a leak-proof system.

2.7. Major Pests found in Dry Cured Ham

2.7.1. Ham Mite (Tyrophagus putrescentiae Schrank)
Ham mites (Tyrophagus putrescentiae Schrank) have a small translucent body
with almost colorless mouthparts and legs. The body is slender and bears a train of hair
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which does not project stiffly. Both males and females are ½ mm long. Mites are very
tiny and feed on the surface of cured meat. They also may infest grain, cheese, and flour
(Townsend, 2007). Mites do not fly but can crawl and can easily be carried from place to
place on infested materials. Heavily infested materials may have a sweet or minty odor
and the surface may appear to move if the mites are extremely numerous. Infested areas
have a powdery appearance from the buildup of dead mites and the shedding of their
outer coverings. Since infestations are limited to the surface, it may be possible to brush
most of the mites off (Townsend, 2007). Under moist conditions and summer
temperatures, a generation can be completed in 8 to 21 days. The life cycle increases as
the temperature decreases. The mites breed readily at above 30o C but can also survive at
temperatures as low as 0oC in its inactive state. At favorable temperatures and a high
relative humidity of (90 to 100%), the female can lay an average of 437 eggs. Mites are
frequently found in a wide variety of stored products, especially the products with high
fat and protein content such as ham, dried eggs, cheese, nuts and grains. Ham mites can
even survive in low oxygen environments, but the reduced oxidative respiration is not
sufficient to satisfy the energy demand. Anaerobic metabolism must be initiated to
supplement the energy demand. Both the accumulated anaerobic end products and the
very low metabolism impose stress on the insects (Mitcham et al., 2006). T. putrescentiae
infestations are the most serious problem for dry cured ham stores in Spain as their
presence alone reduces the salability of this high value product (Arnau and Guerrero,
1994; Ramos and Castanera, 2001). The ham mite is also the most serious problem for
U.S. dry cured ham producers (Rentfrow et al., 2008). The fumigants can affect the pests
on exposure. First signs show the trembling of legs and palps, closure of thoracic
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spiracles followed by a sharp decline in oxygen consumption. Later there is loss of
coordination, knockdown, paralysis, respiratory inhibition, cessation of heart beat and
whole body convulsions.

2.7.2. Red Legged Ham Beetle (Necrobia rufipes DeGeer)
Red-legged ham beetles (Necrobia rufipes DeGeer) attack cured and dried
smoked meats. In tropical countries, they are also known as the copra beetle. According
to Simmons and Ellington (1925) and Gredilha and Lima (2007), the red legged beetle is
a cosmopolitan pest that causes considerable damage to stored commodities such as copra
(dried coconut), cheese, dried fish, ham and other products that are rich in protein. The
adults are greenish-blue and approximately 0.6 cm long. The upper surface of body (head,
thorax, elytra) is a shiny metallic bluish-green, and the underside of the abdomen is dark
blue. The legs are bright reddish-brown or orange. In addition, the antennae are mainly
reddish-brown but with a dark brown or black club at the tip. The sides of the thorax
(especially) and the elytra have stiff bristle-like hairs. The adults feed on the meat but are
not as destructive as the larvae. The long, slender, purplish larvae (0.6 cm long) burrow
into the meat, and consume protein but seem to prefer fat. Typical beetle larva have three
pairs of jointed legs that are moderately hairy. The majority of their body is creamishgrey with violet-grey markings on the upper surface. The head and upper surfaces of the
1st thoracic segment, the last large abdominal segment (the ninth), and the 2nd and 3rd
thoracic segments have brownish plates. The plate on the last large abdominal segment
has two horn-like protuberances which curve upwards. The life cycle varies from 1 to 3
months, depending upon the temperature (Simmons and Ellington, 1925; Gredilha and
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Lima, 2007). Adult beetles feed on the surface of dried fish, and they lay their eggs in
crevices in the fish. The larvae burrow deeply into the flesh and feed on the flesh. The
larvae are predatory on the larvae of some flies and the eggs and larvae of Dermestes spp.
The eggs are laid in crevices in the meat. The eggs are smooth, translucent and about 1
mm long, glued in clusters to the surface of the food. The larvae pass through three or
four instars. The last instar larva spins a cocoon in which pupation occurs: this may be
within the fish or meat flesh, or the larva may leave the fish and pupate in any dark
crevice. The life-cycle takes about 6 weeks or longer depending on food type and
physical conditions. Under optimum conditions, the rate of population increase is about
25 times per month. The adults fly actively and can thus easily disperse to new sources of
food. The optimum temperature for development of the red legged beetle is in the range
30-34°C, and the minimum temperature is 22°C; the maximum temperature limit is not
known, but temperatures above 40-42°C are likely to repel or prevent the development of
this pest (Simmons and Ellington, 1925; Gredilha and Lima, 2007). This beetle needs an
equilibrium relative humidity of 50% or above. The red legged beetle can therefore
become a pest in tropical and subtropical climates, especially if ambient conditions are
rather humid or the fish or ham is not very well dried. It has a cosmopolitan distribution
in warm climates in North America, all of United States and some areas of Canada. It is
found on dried fish, skins and bones of dead animals, and other carrion; also found on
museum specimens. The beetle can subsist on a diet of copra alone but their development
is slow, their diet is almost certainly supplemented by predation on other insects and can
promote cannibalism when there is overpopulation (Ashman, 1963; Gredilha and Lima,
2007). Beetles respire aerobically and fumigants such as phosphine are believed to
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disrupt normal oxygen metabolism of these insects. Reduced O2 consumption affects the
components of the mitochondrial electron transport chain and leads to a decreased rate of
ATP production. As a result of energy insufficiency, the membrane ion pumps fail,
leading to K+ efflux, Na+ influx, and membrane depolarization. The voltage-dependent
Ca2+ gates are then opened, causing Ca2+ influx. The high concentration of Ca2+ in the
cytosol activates phospholipases A1, A2, and C, leading to increased membrane
phospholipid hydrolysis. The cell and mitochondrial membranes become more permeable,
leading to cell damage or death (Mitcham et al., 2006).

2.7.3. Cheese Skipper and Larder Beetle
Two other insect pests that infest dry cured ham are the cheese skipper and the
larder beetle. The cheese skipper received its name from the jumping habit of its larvae
that bore through cheese and cured meats. Meat infested with this insect quickly rots and
becomes slimy. Adult flies are two-winged and are one-third the size of houseflies. They
lay their eggs on meat and cheese and multiply rapidly. The larder Beetle is dark brown
and has a yellowish band across its back. The adult is approximately 0.75 cm long. The
larvae are fuzzy, brownish, and approximately 0.75 cm long at maturity. Larder beetle
larvae feed on or immediately beneath the cured meat surface, but do not rot the meat
(Graham et al., 1998).

2.8. Volatile Flavor Compounds in Dry Cured Ham
Meat flavor is attributed to several factors including age of animal, genetic
composition, preslaughter diet, environmental conditions, etc., but postmortem
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processing is the major factor that affects the final product quality. The processing of dry
cured hams will affect the concentrations of different flavor precursors such as sugars,
amino acids, nucleotides, peptides etc. which in turn will affect the final product flavor.
Proteins and lipids constitute the major chemical components of ham and are the main
substrates in muscle enzyme systems. During the drying stage, enzyme activity occurs
which results in the generation of flavor precursors such as amino acids and peptides that
further contribute to the generation of flavor volatiles via Strecker degradation and the
formation of Maillard reaction products (Flores et al., 1997; Spanier and Miller, 1993;
Spanier et al., 1990). Lipids are subject to intense lipolysis by the action of lipases, which
generates free fatty acids which are transformed to volatiles as a result of oxidation.
These chemical reactions strongly affect the sensory profiles of dry cured hams (Toldra et
al., 1997; Pastorelli et al., 2003).
Dry cured aroma depends upon a balance of various components. A large number
of compounds have been identified in the aroma of dry cured ham but none has been
described as having a unique pork cured flavor. More than 260 volatile compounds have
been identified in various dry cured hams, of which aldehydes, alcohols and esters are the
most important organic classes (Flores et al., 1998). Several studies have been conducted
to identify and quantify the volatile compounds in dry-cured hams (Ockerman et al.,
1964; Barbieri et al., 1992; Berdague et al., 1993; Careri et al., 1993; Buscailhon et al.,
1994; Spanier et al., 1997; Flores et al., 1998; Timon et al., 1998; Ruiz et al., 1999; Ruiz
et al., 2001; Timon et al., 2001; Carrapiso et al., 2002; Andres et al., 2002; Huan et al.,
2005; Sanchez-Pena et al., 2005; Luna et al., 2006; Zhang et al., 2006; Garcia- Gonzalez
et al., 2008; Pham et al., 2008).
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Ham samples are heterogeneous and analytical results vary according to the
amount of protein and subcutaneous fat in every sample (Garcia-Gonzalez et al., 2008).
The aromatic compounds that have been identified are mainly aliphatic hydrocarbons,
aldehydes and aliphatic ketones that are derived chiefly from lipid oxidation. Furans,
sulfur and nitrogen compounds are produced by Maillard reactions. Phenolic compounds
such as 2-methoxyphenol, 4-methyl- 2- methoxyphenol, 4-ethyl-2-methoxyphenol, 2,6dimethoxyphenol are produced from the smoking process. These compounds provide
sweet, smoked flavor and smoked aroma to the dry cured hams (Poligne et al., 2002).
Sulfur compounds are among the important contributors to meat flavor because of their
low flavor threshold. Sulfur compounds such as carbon disulfide, propanethiol, methional
and benzothiol can be produced by the Strecker degradation of methionine and cysteine
(Barbieri et al., 1992; Chang and Petersen, 1977; Drumm and Spanier, 1991; Flores et al.,
1997). Several low molecular weight components are formed as a result of chemical
changes in fat and lean tissues. These molecules alone or in combination have distinct
aroma properties (Careri et al., 1993). Methyl branched aldehydes such as 2methylbutanal, 3- methylbutanal and 2 methyl propanal are important contributors to the
flavor of the dry cured hams. 3-methylbutanal is characterized by fruity, acorn-like and
cheesy odors. 2-methylbutanal has green, almond, malty and cocoa odors, and 2-methyl
propanal has pungent, toasted, fruity odors. Methyl branched aldehydes can be formed by
the Strecker degradation of amino acids (Dirinck et al., 1997). Methylated ketones are
mainly produced by ȕ- oxidation of unsaturated fatty acids and are mainly responsible for
floral, fruity and spicy flavor notes (Garcia-Gonzalez et al., 2008).
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Alcohols such as 1-butanol can be derived from the oxidative decomposition of
some lipids such as myristoleic acid. Linear saturated, unsaturated and polyunsaturated
aldehydes (heptanal, hexanal) are formed by lipolysis autooxidation mechanisms.
Hexanal is the predominant breakdown product of lipid oxidation of n-6 fatty acids
(Barbieri et al., 1992; Huan et al., 2005). The methyl-branched short chain alcohols and
aldehydes are linked to the sensory attributes that describe dry cured hams (Careri et al.,
1993; Huan et al., 2005). Volatile flavor compounds such as limonene, which builds up in
the subcutaneous fat of the animal, is believed to originate from animal feed.

2.9. Solid Phase Micro Extraction (SPME) for extraction of volatile flavor
compounds
Solid phase micro extraction (SPME) is a single step solvent free extraction
technique for the extraction of volatile compounds that is very sensitive and reasonably
priced (Andres et al, 2002). SPME is a sample preparation technique based on absorption,
which is useful for the extraction and concentration of analyses either by submersion
(usually in LC or HPLC) in the liquid phase or by exposure to a gaseous phase (Deibler
et al., 1999). Solid Phase Micro Extraction (SPME) has been successfully used to analyze
the volatile compound composition of different foods and drinks (Arthur and Pawliszyn,
1990; Xiaogen and Peppard, 1994; Chin et al., 1996; Elmore et al., 1997; Ruiz et al.,
1998; Pham et al., 2008). It is useful for quality control analysis in the meat industry
because it is solvent-free, cheap, quantitative, sensitive, ideal for quick screening, easy to
use, relatively fast, and it is able to be used manually with any GC-MS (Arthur and
Pawliszyn, 1990). Two methods could be used depending on the placement of the fiber:
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in the sample or in the headspace of the sample. With headspace sampling, the
quantification is more efficient and also the lifetime of the fiber is extended. During
research on flavor-food matrix interactions, the volatile compounds in the headspace are
of interest because they travel to the nose during eating and stimulate the olfactory
receptors in the nasal cavity (Linforth and Taylor, 1993; Roberts et al., 2000). Headspace
extraction is also simple, and it preserves the natural characteristics of the samples.
During headspace analysis by SPME, two equilibria should be reached by the analytes:
between the matrix and the headspace and between the headspace and the coating of the
fiber. Extraction times can be substantially reduced by using headspace, because the
diffusion of analytes is many times greater in the vapor phase than in the aqueous phase.
Agitation and heating are believed to reduce the equilibration time for semi-volatile
compounds in liquid samples, but in solid samples, temperature is the main factor in
reducing equilibrium time and analysis time (Zhang and Pawlinzyn, 1993). A study was
conducted by Ruiz et al., (1998) on dry cured Iberian hams to optimize SPME conditions.
In this study, the greatest number of compounds and the largest peak areas were found in
samples that were extracted at 60°C for 60 min. The study showed that both extraction
time and extraction temperature affect the quality and quantity of volatile flavor
compounds that are extracted by the SPME fiber. Heating provides energy that allows
analyte molecules to overcome energy barriers that tie them to the matrix, enhances the
mass transfer process, increases vapor pressure of the analytes and thus facilitates the
release of analytes into the headspace (Zhang and Pawliszyn, 1995). Solid phase micro
extraction has been used for the extraction of sulfur compounds in several foods
(Pawliszyn, 1997). Variation in the size of fat and lean areas at the sample surface also
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contributes to extraction variability since each tissue has a different polarity (Ruiz et al.,
1998).

2.10. Gas Chromatograph- Pulsed Flame Photometric Detector (GC- pFPD)
The flame photometric detector (FPD) was invented by Grant in the late 1950s for
measuring the aromatic hydrocarbon content of benzole. In a conventional flame
photometric detector (FPD), a sample containing heteroatoms of interest is burned in a
hydrogen-rich

flame

to

produce

molecular

products

that

emit

light

(i.e.,

chemiluminescent chemical reactions). The emitted light is isolated from background
emissions by narrow bandpass wavelength-selective filters and is detected by a
photomultiplier and then amplified (Amirav and Jing, 1995). The detectivity of the FPD
is limited by light emissions of the continuous flame combustion products including CH,
C2, and OH. The Pulsed Flame Photometric Detector (pFPD) was developed in early
1990 by Dr. Aviv Amirav. Unlike the traditional flame photometric detector which has a
continuous flame, the pFPD is based on a pulsed flame for the generation of flame
chemiluminescence. The pFPD can detect at least 28 elements, namely S, P, N, C, As, Sn,
Se, Mn, B, Br, Ga, Ge, Pb, Si, Te, V, Al, Bi, Cr, Cu, Eu, Fe, Ni, Rh, Ru, W, In, Sb. Out
of these 28 elements, thirteen elements can be detected with infinite selectivity: S, P, N,
As, Se, Sn, Ge, Ga, Sb, Te, Br, Cu, In. The detector operates with a fuel rich mixture of
hydrogen and air. The mixture is ignited and then propagates into the combustion
chamber three to four times per second. The pFPD is a relatively new technique and
offers several advantages over other detectors because of its high sensitivity, selectivity
and repeatability (Amirav and Jing, 1995). The background emissions from the
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hydrogen-rich air:hydrogen flame (approximately 10 mL/min H2 and 40mL/min Air) is a
broad band chemiluminescence. The combustion of hydrocarbons is highly exothermic,
rapid and irreversible, producing a light emission by the hydrocarbon products that is
proportional to the time for the flame to propagate through the combustor for 2 to 3
milliseconds. Many of the chemiluminescent reactions of the heteroatoms such as S, P, N,
etc., are less energetic and more reversible, and proceed after the temperature behind the
propagating flame has dropped. These heteroatom emissions are therefore delayed from
the background emissions (Amirav and Jing, 1995). By using the leading edge of the
flame background emission to trigger a gated amplifier with an adjustable delay time,
heteroatomic emissions can be amplified to the virtual exclusion of the hydrocarbon
background emission. The selective amplification of the element-specific emissions is the
basis of the pFPD’s unique sensitivity and selectivity. There are several applications of
pFPD. In foods, it can be used to detect sulfur gases and nitrogen impurities in beverage
grade CO2, to detect sulfur flavors and aromas in beer, onion, garlic and to detect
nitrosamines in processed foods. It can be used to detect organophosphorus (Phosphorous,
Sulfur, Nitrogen) pesticides in the environment such as water, soil and, sludge (Amirav
and Jing, 1995).
According to Munoz et al., (2003), the pFPD operation is basically a propagating
flame, which terminates within a glass combustor, produces gas phase reactions with the
entering analytes resulting in light emissions with specific gas chemiluminescence
spectrum and lifetimes. Also the use of gated electronics permits the rejection of noise
that exists outside of the specific gate window, which further improves the detectivity of
the pFPD. The pFPD has been used for the analysis of volatile sulfur compounds in beer
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and other foods (Fan et al., 2002, Ubaka et al., 2001). The sulfur compounds were
extracted by SPME, then separated and detected using a GC/PFPD (Pawliszyn, 1997).
The volatile sulfur compounds are routinely monitored in beer and other beverages
because their presence, even at trace levels, can affect the flavor. In this note, beer was
sampled using a Carboxen-PDMS SPME fiber that has a strong affinity for highly
volatile compounds. Some of the compounds in the beer were tentatively identified by
matching retention times to sulfur standards. According to Fan et al., (2002), the
concentrations of volatile sulfur compounds in various foods are low, but most sulfur
compounds have very low odor thresholds (in the ppb range) and possess a pungent,
unpleasant odor at sufficient concentrations. Because of the very low amounts of volatile
sulfur compounds in foods, selective and accurate detection of these compounds has been
a challenge for researchers. Thus, pFPD was selected to conduct a study to investigate
volatile sulfur compounds in precooked ready-to-eat turkey breast that was analyzed with
a pFPD as a function of radiation dose and subsequent storage. Precooked turkey breast
was exposed to 0, 1, 2, 3, 4, and 5 kGy of gamma radiation and stored for 14 days at 5°C.
Volatile sulfur compounds were extracted using solid phase microextraction (SPME),
followed by gas chromatographic separation and pulsed flame photometric detection.
Microcoulometric, thermionic, and flame photometric (phosphorus mode) detectors used
with gas liquid chromatography were compared for minimum detectability, accuracy,
reproducibility, and rapidity for the measurement of ppb and ppt levels of phosphine
(PH3) in foodstuffs, air, and water. Based on a response at 10% of recorder scale with a
reproducibility to within ±10%, the lower limits of detectability were: microcoulometric
(peak area), 5 nanograms; thermionic (peak height), 20 picograms; flame photometric
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(peak height), 5 picograms. With a 10 g sample of foodstuff or water, these amounts
correspond to a relative minimum detectability of 500, 2, and 0.5 ppt for the
microcoulometric, thermionic and flame photometric detection methods, respectively.
FPD, in its phosphorus mode, is the best combination of rapid response, reproducibility,
sensitivity and linearity of response for the detection of phosphine (Berck et al., 1970).

2.11. Fluoride Electrode
Fluoride is present in water, minerals, most foods and many plant and animal
tissues. The most significant advance in the determination of fluoride was the
development of the fluoride ion-sensitive electrode by Frant and Ross (1968). This is the
most successful ion sensitive electrode. It is easy to operate, relatively rapid and requires
little technical skill. The fluoride ion-sensitive electrode is a very successful
potentiometric technique for the determination of fluoride in aqueous solutions. This
method is the basis for the Official First Action AOAC method for determination of
fluoride in plant material and deboned meat (Horwitz, 1980). Total Ionic Strength
Adjustment Buffer (TISAB-solution) is added while taking measurements as it serves
following functions namely, to adjust the pH, to provide a relatively high ionic strength to
ensure that liquid junction potentials are minimized, to provide a constant ionic strength
background thus minimizing variations between samples and standards and to release
fluoride ions from complexes (Campbell, 1987). The fluoride electrode can be used for
the determination of fluoride in foods ranging from 0.5 mg/Kg to 103 mg/Kg (Shaobin et
al, 1995). Sulfuryl Fluoride is used extensively as a fumigant for structural pest control.
The studies have shown that the exposure of non perishable, unprotected food
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commodities to sulfuryl fluoride results in permanent residue formation of stable, water
soluble fluorides, detected as anionic F- (Scheffrahn et al., 1989).

2.12. Gas Chromatograph-Olfactometer/ Flame Ionization Detector (GCO-FID)
A Gas Chromatograph Olfactometer (GCO) with a flame ionization detector has
superior reproducibility, faster response time and better compatibility with high
temperature analysis as compared to other detectors. Gas chromatograph olfactometry
was proposed by Fuller et al., (1964) as a useful tool to identify and characterize the odor
active compounds and to research food aroma. It is a unique analytical technique which
associates the resolution power of capillary GC with the selectivity and sensitivity of the
human nose, which has a theoretical odor detection limit of about 10-19 moles with
volatile aroma compounds of low thresholds. The nose detects odorants that occur in
extremely low amounts, far below the detection limit of any physical system (Pollien et
al., 1999). GCO may be used to research aroma differences, because samples with
different sensory profiles often show variability in their odor active or aroma-impact
compounds (Carrapiso et al., 2002). Olfactometric techniques can be classified into three
categories: dilution, intensity and detection frequency methods. Dilution techniques
include Charm analysis (Acree et al., 1984) and Aroma Extract Dilution Analysis
(AEDA), which was developed by Ulrich and Grosch, 1987. These methods are
commonly used to screen the impact odorants in food. These methods are based on
conducting GCO analysis on an aroma extract that is diluted, usually as a series of 1:2 or
1:3 dilutions until no odor is detected at the sniffing port. Several injections are required
to reach dilution levels of the aroma extract in which the odorous regions are no longer
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detected (Ruth, 2001). The principal difference between the two methods is that the
Charm analysis measures the dilution value over the entire time that the compounds elute,
whereas AEDA simply determines the maximum dilution value. In AEDA, the dilution
factor is the last dilution at which an odor active compound is detected. The results are
usually presented as the logarithm of the factor of dilution versus the retention index. The
major drawback of the dilution approach is the difficulty in using more than one assessor
since the method is very time consuming. Also, in dilution analysis, the compounds that
are perceived at the highest dilution level are deemed the most potent in the sample (Ruth,
2001).
OSME was developed by McDaniel et al., (1990) to measure the perceived odor
intensity of the compound eluting from a GCO by the magnitude estimation of odor
intensity. OSME is more precise than Charm and AEDA (Guen et al., 2000; Jackson and
Linskens, 2002) since it is based on the continuous recording of the odor intensity that is
perceived at the sniffing port (Pollien et al., 1999). AEDA and Charm analysis are both
based on the threshold whereas OSME is based on intensity measurements. In GCOOsme, panelists directly estimate the magnitude of an odor by utilizing the human nose as
a detector. Trained panelists sniff through the sniffing port and use a 15-point
potentiometric scale to rate the intensities of the eluting aroma active compounds with 0
as no aroma and 15 as the most extreme aroma. GCO has been extensively used in aroma
research and allows the direct determination of potent odorants in food. The impact of an
odor component on the total aroma depends on a number of factors such as odor
threshold, concentration in the material measured, solubility in water or fat and
temperature (Flores et al., 1997). Therefore, dilution methods and Osme all contribute
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information pertaining to the impact that volatile aroma compounds have on the flavor of
a food product. Food sensory perceptions and their intensities can be finalized after
extensive training and assessment work to avoid sensory attributes that overlap (Deibler
and Delwiche, 2004; Garcia-Gonzalez et al., 2008). Aroma perception is a complex
process in which each aroma is characterized by distinct compositions of a certain
number of key volatiles (Aparicio et al., 1996; Garcia-Gonzalez et al., 2008). Aroma is
the most important quality parameter of hams due to the presence of many volatile
compounds. These compounds are produced due to biochemical reactions such as
lipolysis and proteolysis that occurs postmortem in the muscle/meat tissue.

2.13. Gas Chromatography-Mass Spectrometry (GC-MS)
Gas chromatography is commonly used to separate volatile compounds on the
basis of their molecular weights and polarities. Mass Spectrometry is used for the
tentative identification and quantification of these volatile compounds with the help of a
mass spectral database (library). Mass spectrometry is a powerful technique which
delivers the unique combination of universal non selective detection in its total ion
chromatography mode, combined with highly selective and sensitive detection of a large
number of volatile compounds. GC-MS can be utilized to separate sample mixtures and
provide quantitative and qualitative information about the volatile aroma compounds that
are present in a food sample (Reineccius, 2003). GC-MS is favored for quantitative
analyses due to its excellent selectivity and low detection limit. GC-MS can be used to
check if there are any changes in the volatile composition of dry cured ham due to
fumigation that may affect the flavor, aroma and overall sensory characteristics. GC-MS
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is used to identify and compare the volatile aroma compounds in control or non
fumigated samples and fumigated samples of dry cured hams. It can also be used to
quantify the volatile compounds and evaluate if fumigation increased or decreased the
amount of any volatile aroma compounds in the dry cured ham samples. For
quantification of the compounds, an ideal internal or external standard should be selected
(Masucci and Caldwell, 2004; Grob and Kaiser, 2004). The internal standard can be any
volatile aroma compound which is not naturally present in the testing sample, this means
that it does not elute at the same time as any of the volatile compounds that are present in
the sample (has different retention time) during the GC-MS run, so it couldn’t mask the
elution of the volatile aroma compounds that are present in the samples.

2.14. Sensory Evaluation

2.14.1. Triangle Test
Discriminant analysis tests are used to differentiate among two or more samples.
The most used discriminant test is the triangle test, which is used to determine if small
differences can be detected among samples (Lawless and Heymann, 1998). This method
is used in situations where treatment effects may have produced product changes that
cannot be characterized simply by one or two attributes. The method can be used to
determine whether product differences result from a change in ingredients, processing,
packaging and/or storage. Triangle tests are also used to determine whether an overall
difference exists, where no specific attributes can be identified as having been affected
and to select and monitor panelists for their ability to discriminate given differences. It
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has limited use with products that involve sensory fatigue, carryover or adaptation and
also with subjects who find testing three samples confusing (Meilgaard et al., 2007). A
triangle test involves presenting three coded samples (using three digit random numbers)
to the sensory panelist where one sample is different from the other two samples. The
panelists are asked to identify the sample that is different. The number of correct
responses is counted and the probability (the probability level has to be determined) that
the sensory panelists can detect a difference is calculated.

2.14.2. Descriptive Analysis
Descriptive analysis is a sensory evaluation technique which involves detection or
discrimination and description of both the qualitative and quantitative sensory aspects of
the product by trained human subjects/panelists (Meilgaard et al., 2007). The panelists
should be able to detect and describe the perceived sensory attributes such as appearance,
aroma, flavor and texture after the sample is smelled and tasted (Meilgaard et al., 2007).
Commonly used descriptive test methods include the Flavor Profile Method, the Texture
Profile Method, the Quantitative Descriptive Analysis (QDA®) Method and the Spectrum
Descriptive Analysis Method.
The QDA method was developed by Tragon Corp. and this method relies on
statistical analysis to determine the appropriate terms, procedures and panelists that
should be used for the analysis of a specific product (Stone and Sidel, 1992). Panelists are
selected from a large pool of candidates according to their ability to discriminate
differences in the sensory properties of different samples. Panelists need to be taught and
trained to gain experience in the specific descriptive method. The training of QDA panels
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requires the use of product and ingredient references for the development of a sensory
language. The panel leader should not dominate or influence the group members.
Attention is focused on consistent terminology development but panelists are free to
develop their own approach while scoring on a 15 cm (6 inch) line scale. QDA panelists
evaluate the products individually in separate booths to reduce distraction and interaction
among panelists. The results of QDA tests are statistically analyzed and results are
graphically represented in the form of a spider web with a branch or spoke from a central
point for each attribute. It is necessary to develop a sensory terminology or lexicon to
define the sensory characteristics of any food product.

2.14.3. Sensory Attributes of Dry Cured Ham
Dry cured ham flavor is described as a complex process. The differences in the
sensory attributes are mainly due to the raw materials and the manufacturing processes.
Flores et al., (1997) developed a lexicon for dry cured ham which describes the sensory
attributes of aroma, flavor, off flavors, after taste. The lexicon included fat complex, boar
taint, barnyard, brown spice, pickling spice, musty or hay like, smoky, pork, serum, salty,
sour, pungent, bitter, metallic, astringent and mouth feeling. Pham et al., (2008) also
developed a sensory language for American dry cured ham which included the following
flavor attributes: cured, rancid, salty, aftertaste, pork complex, sweet, savory, bitter,
astringency, mouthdrying and saltburn; the following aroma attributes: rancid, molasses,
fermented, caramelized, pork complex, smoky, earthy and savory; and the following
texture attributes: hardness, dryness, fibrousness, juiciness, chewiness and mushiness.
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CHAPTER III
EFFECTS OF SULFURYL FLUORIDE FUMIGATION ON THE SAFETY,
VOLATILE COMPOSITION, AND SENSORY QUALITY OF
DRY CURED HAM

3.1. Introduction
Dry cured hams are fumigated with methyl bromide to prevent the infestation of
ham mites (Tyrophagus putrescentiae Schrank), ham beetles (Necrobia rufipes DeGeer),
cheese skippers and dermestid beetles (EPA, 2007). Currently, there are at least 22 dry
cured ham processing facilities in Kentucky, Missouri, North Carolina, Virginia,
Tennessee, and Georgia that fumigate dry cured pork with methyl bromide (Rentfrow et
al., 2008). Methyl bromide is a versatile chemical with a wide range of applications. It has

been used commercially for more than 40 years to control pests such as fungi, bacteria,
soil-borne viruses, insects, mites, nematodes and rodents. Methyl bromide is a broad
spectrum pesticide that is the only known fumigant/method that is effective at eradicating
ham mite infestations. However, this fumigant also depletes the stratospheric ozone layer
(Marriott and Schilling, 2004).
According to the Montreal Protocol (an international agreement ratified by more
than 180 countries), methyl bromide use will be phased out of all industries by 2015
(EPA, 2007). Therefore, potential alternatives to methyl bromide must be researched and
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discovered for all industries. Potential alternative fumigants and methods need to be
evaluated for their ability to eradicate Tyrophagus putrescentiae and Necrobia rufipes
infestations in dry cured ham. These potential alternative methods and fumigants must
also be evaluated for their effects on the economic viability of processors and their effects
on the sensory quality and safety of the ham product. Both the Environmental Protection
Agency (EPA) and the United States Department of Agriculture (USDA) are working
together with scientists and farmers to avail economically viable and environmentally
sound alternatives to methyl bromide (EPA, 2006). The EPA has issued a critical use
exemption for post harvest uses such as food processing and commodity storage
including dry cured pork products, since effective alternatives are not yet available for
use (EPA, 2007). Potential chemical alternatives to methyl bromide include sulfuryl
fluoride, phosphine, dazomet, 1,3-dichloropropene, carbonyl sulfide, carbon dioxide, and
nitrogen. These chemicals have previously been used to prevent insect infestations
through the use of modified or controlled atmospheric conditions (EPA, 1995).
Sulfuryl fluoride (SF) was developed in the 1950s (Meikle and Stewart, 1962) and
is now produced by DOW Agrosciences under the trade name ProFume. This fumigant
has been marketed as a potential alternative to methyl bromide and was registered for use
in dry cured ham processing facilities in the summer of 2005 (EPA, 2005). Sulfuryl
fluoride is as effective as methyl bromide at controlling grain weevils, flour beetles, and
other pests associated with some food products (NPMA, 1998), but no research has been
reported on its effectiveness against pests that are commonly associated with dry cured
pork. Sulfuryl fluoride fumigation is effective against the adult, pupal, and larval life
stages of insects, but it is not as active as methyl bromide against the egg stage (Zettler et
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al., 2001). Control of insect eggs may require an increased exposure time or increased
concentration of sulfuryl fluoride (Outram, 1970). The registration of SF states that there
can be no more than 20 ppm fluoride and 0.01 ppm sulfuryl fluoride in the final ham
product (EPA, 2005). It has been reported that when SF is used to fumigate food
products, it can be absorbed by oils and that fluoride ions may bind to proteins and lipids,
resulting in the possibility of unsafe residues in the product (EPA, 2004) as well as
variations in volatile compound composition that could affect product quality.
The objectives of this research were to evaluate the effects of sulfuryl fluoride
fumigation on the quality and safety of dry cured hams. Quality and safety were
evaluated through the determination of volatile compound composition, potential sensory
differences, and residual sulfuryl fluoride and fluoride concentrations in hams that were
fumigated with varying concentrations of sulfuryl fluoride.

3.2. Materials and Methods

3.2.1. Ham Preparation and Fumigation
Commercial aged (for 70-90 days) and smoked (with hickory chips) hams were
obtained from a single dry cured ham processor that does not fumigate with methyl
bromide or any other fumigant. Three replications were performed on five commercial
hams. The hams were cut into sections (28 cm x 11 cm x 11 cm) that were
approximately half the size of a whole ham so that the sections would fit into 10.3 L
fumigation jars. Three replications of hams were fumigated with SF (ProFume, DOW
AgroSciences, Indianapolis, IN) for 48 hrs at 23°C at the following target
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concentrations: 0 mg/L (untreated control), 12 mg/L, 24 mg/L, 36 mg/L and 72 mg/L.
These target concentrations corresponded to actual measured average concentrations of
0 mg/L, 8.58 mg/L, 18.46 mg/L, 28.37 mg/L and 54.48 mg/L as determined by
quantitative Gas Chromatography-Mass Spectrometry (GC-MS).

The measured

concentrations are reasonable since SF concentrations become lower when the fumigant
comes into contact with the hams and interacts with the food product. In addition, these
values are well within expected values based on fumigation research studies and actual
fumigations in the industry. The fumigated hams were then evaluated in triplicate
(within each replication) for sulfuryl fluoride, fluoride, volatile compounds and volatile
sulfur compounds within each replication. The different ham samples were sliced into
small pieces and the intermuscular fat (lipid) and lean muscle fractions were separated.
The hams were then weighed and the same amount of deodorized water was added to
the sample to make a ham:water (1:1) mixture prior to homogenization for 20 sec (HC
306, Black & Decker, Towson, MD) and the determination of sulfuryl fluoride and
volatile compound peak areas.

3.2.2. Fluoride Analysis
Ground ham samples (5g) were mixed with 50 mL of deionized distilled water in
a beaker and stirred for 1 hr prior to the addition of 50 mL Total Ionic Strength
Adjustment Buffer (TISAB) to the mixture. The Accumet Fluoride Ion Combination
Glass Electrode (Fisher Scientific Inc. Hampton, NH) was used to calculate fluoride ion
concentration. The fluoride electrode was calibrated by Activity Standards: (0.1 M NaF500 mL); (NaF, 1000ppm as F-500mL) (Fisher Scientific Inc. Hampton, NH) prior to use
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and after every 1-2 hours during the experiment. The Accumet Research AR-25 Dual
Channel pH/Ion Meter (Fisher Scientific Inc. Hampton, NH) was used to quantify
fluoride concentration.

3.2.3. Determination of Sulfuryl Fluoride (SF) gas
Two concentrations (9.64ppm and 515ppm) of SF gas were purchased from ScottMarrin, Inc. Riverside, CA. The StableFlex 1 cm -50/30ȝm three phase
(DVB/CAR/PDMS) SPME fiber (1 cm-50/30 ȝm StableFlex Divinylbenzene (DVB)/
CarboxenTM (Car)/ Polydimethylsiloxane (PDMS), Supelco, Bellefonte, PA) was used for
verification of SF gas. The SF gas was transferred to 1 L Tedlar bags (Supelco,
Bellefonte, PA) by using a regulator and a small diameter thin rubber hose pipe. The fiber
was inserted through a septum into the Tedlar bag to extract the gas and then injected into
the injector port of the GC-pFPD to find the retention time (peak) of SF gas. These
standards were used to verify the presence of SF when it was detected in hams that were
fumigated with sulfuryl fluoride as well as to verify that the SPME fiber was effective at
extracting SF. Methional was used as an internal standard to quantify SF concentration in
the ham samples due to its similarity in molecular weight to SF and availability as a
flavor compound. Methional was naturally present in all hams and tentatively detected by
the GC-MS and GCO-FID (verified through retention indices and the odor perceived at
GCO-FID sniff port). It was detected (but the peak was too small to be quantified) by the
pFPD in only two out of 36 samples. Methional was also injected into the GC-FPD as an
external standard at concentrations of 0.001, 0.005, 0.01, 0.05, 0.1, 0.5 and 1 ppm to
make a standard curve as well as added to dry cured ham samples as an internal standard
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and extracted with the SPME fiber. This standard curve was used to quantify the amount
of SF in the hams.

3.2.4. Extraction of Volatile Compounds by SPME for GC-pFPD, GC-MS and GCO-FID
The method that was used for the extraction of headspace volatile compounds by
SPME was obtained from previous studies (Pham et al., 2008; Huan et al., 2005;
Carrapiso et al., 2002). Prior to sampling, new SPME fibers were conditioned under
helium flow into a split/splitless GC injection port for 1 hr at 270˚C to remove any
possible contaminants from the fiber coating. The fiber was then desorbed in the GC
injector for 5 min, to determine the presence of extraneous peaks. Homogenized ham
samples (10g) were transferred to pre-cleaned 40 ml amber glass vials (O.D. 28 x 98 mm
height, Supelco, Bellefonte, PA) with propylene screw caps and Teflon faced silicone
septums (O.D. 22 mm diameter x 31.75 mm thickness, Supelco, Bellefonte, PA). Sodium
chloride (0.5 g) was added to the sample in the amber glass vial and was equilibrated at
50˚C for 30 min. The StableFlex 1 cm -50/30ȝm three phase (DVB/CAR/PDMS) SPME
fiber (1 cm-50/30 ȝm StableFlex Divinylbenzene (DVB)/ CarboxenTM (Car)/
Polydimethylsiloxane (PDMS),Supelco, Bellefonte, PA) was inserted into the vial to
extract the volatile compounds that were present in the headspace. The three phase SPME
fiber was selected since it previously exhibited the best extraction performance for
medium and high molecular weight analytes in dry cured hams (Gianelli et al., 2002).
The SPME fiber was exposed to the generated sample headspace for 1 hr at 50˚C in a
thermostatic heating block (Reacti-therm Heating/ Stirring Module, Pierce Biotechnology
Inc., Rockford, IL) with constant stirring using a magnetic octagonal stirring bar (8 mm
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diameter x 13 mm length, Fisher, Pittsburgh, PA). The volatiles were thermally desorbed
from the SPME fiber into the injection port of a Varian 3900 gas chromatograph (Varian
Inc., Walnut Creek, CA), or the injection ports of either a Varian 3800 flame ionization
detector with a sniff port or a Varian 3800 with a flame photometric detector.

3.2.5. Gas Chromatography- Pulsed Flame Photometric Detector (GC-pFPD)
The GC-pFPD analysis was carried out using a Varian CP-3800 (Varian Inc.,
Walnut Creek, CA) gas chromatograph equipped with a DB-5 column (30m long x 0.53
mm i.d., 0.25 ȝm film thickness, J & W Scientific, Folsom, CA.) and a flame photometric
detector. Operating conditions were as follows: injector temperature of 225˚C, column
flow rate of 4 mL/min, initial oven temperature of 35˚C for 4 min hold time with
14˚C/min ramp rate to 250˚C, and a pressure of 10 psi and equilibration time of 0.25 min.
The detector temperature was 250˚C, and the total running time was 12.36 min. Ultra
high purity helium (Airgas, West Point, MS) was used as the carrier gas for the
experiment. Analysis of each sample was repeated in triplicate to ensure reproducibility
of the results. The identity of SF and the sulfur volatile compounds was confirmed using
authentic standards.

3.2.6. Gas Chromatography-Mass Spectrometry (GC-MS)
Analysis of volatile compounds (Ruiz et al., 1998) adsorbed on the SPME fiber
was performed using a Varian 3900 gas chromatograph equipped with a CP-1177
Split/Splitless injector and a DB-5 column (30m long x 0.25 mm i.d., 0.25 ȝm film
thickness, J & W Scientific, Folsom, CA) and coupled with a Saturn 2100T ion trap mass
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selective detector (MSD, Varian Inc., Walnut Creek, CA). The operating conditions for
the GC portion of the GC-MS were identical to those for the GC-pFPD. For the MS, the
interface temperature was 250˚C with an ionization energy of 70 eV. The mass range,
scan rate and flow rate were 33-350 a.m.u., 2.2 scan/s and 0.96mL/min. Ultra high purity
helium (Airgas, West Point, MS) gas was used as the carrier gas for the experiment.
Analysis of each sample was repeated in triplicate to ensure reproducibility of the results.
The mass spectral data for volatile compounds (for GC-MS) was determined by using the
library search algorithm, NIST02 Mass Spectral Database (NIST, Maryland; purchased
from Varian Inc.). The following reference compounds were utilized to verify the volatile
compounds that were identified using the mass spectrometer: carbon disulfide, 2butanone, 3-methylbutanal, 2-methyl-2-undecanethiol, hexanal, heptanal, methional, 2octanone, limonene, 2-nonen-1-ol, benzothiazole and cubenol (Sigma–Aldrich Chemical
Co., Milwaukee, WI).

3.2.7. Gas Chromatography-Olfactometry- Flame Ionization Detector (GCO-FID)
Aroma impact compounds that were present in the hams were identified using a
gas chromatograph (Varian CP-3800, Varian Inc., Walnut Creek, CA) equipped with a
sniffing port (ODO-I, SGE, Kramer Lane, Austin, TX) and a flame ionization detector
(FID). A DB-5 capillary column (30m long x 0.25 mm i.d., 0.25 ȝm film thickness, J&W
Scientific, Folsom, CA) was used to separate the volatile compounds. The sniffing port
was equipped with humidified air at a flow rate of 30 ml/min to maintain olfactory
sensitivity. Two trained panelists (>30 hrs experience with dry cured ham) evaluated the
aroma associated with the volatile compounds that were present in the control and
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fumigated samples. The intensity of the perceived aroma was rated by each panelist using
a 0–15 potentiometric sliding scale (Osme Software, Starkville, MS). The retention time,
intensity and verbal description of the aroma were listed by a coworker. Operating
conditions for the GC portion of the GCO were identical to those of the GC–MS and GCpFPD.

3.2.8. Identification of Aroma Impact Compounds
Volatile compounds were tentatively identified using the library search algorithm,
NIST02 Mass Spectral Database on the GC-MS and were further substantiated by
obtaining odor descriptors from the gas chromatograph-olfactometer/flame ionization
detector (GCO-FID). The retention indices were calculated using retention times of
volatile compounds and retention times of n-alkane series from C5-C18 for both the GCMS and GCO-FID data. The retention indices (RIs) and the odors perceived at the
sniffing port of the GCO-FID were compared with literature to reach the final compound
list. The aroma impact compounds were also confirmed by running the authentic
standards, listed in section 3.2.6, on the GCO-FID and matching their RIs and the aroma
quality perceived at the sniffing port with literature (Pham et al., 2008; Ramirez and
Cava, 2007; Gianelli et al., 2002; Flores et al., 1997).

3.2.9. Sample Preparation for Sensory Analysis: Triangle Test
A triangle test was performed to determine if consumers could perceive a
difference between ham samples that were fumigated with SF at concentrations of 0 and
36 mg/L. The treated ham samples were analyzed to determine if they contained safe and
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legal concentrations of sulfuryl fluoride and fluoride. Refrigerated ham slices were
equilibrated to room temperature. Ham slices were then wrapped in Reynolds™ extra
heavy duty foil bags and placed on a metal baking dish prior to placement in the oven.
Hams slices were cooked at 177˚C to a temperature of 71˚C that was evaluated using an
infrared thermometer (Horiba IT-330, Horiba Inc. Irvine, CA).
Oven baked ham slices were cut into square pieces (2.54 cm X 2.54 cm), and
placed in chafing dishes (60˚C) for 0-15 min and then evaluated by consumers (n=54).
Upon serving, ham pieces were placed in 29.5 ml plastic containers (Sweetheart Cup
Company, Owings Mills, MD), that were coded with three digit random numbers. Each
panelist received 3 containers of ham for every session, in which two were the same
treatment and one was different. The presentation order of the 3 samples was randomized
for each panelist to account for bias. Panelists were asked to choose the sample that was
different from the other 2 samples. Panelists evaluated dry cured ham samples in separate
booths in a well ventilated and temperature controlled room under fluorescent lighting.
Panelists were provided with water (Mountain Spring Water, Blue Ridge, GA), unsalted
crackers (Premium Nabisco, NJ) and expectorant cups (Dart Container Corporation,
Mason, MI), to remove residual flavors in between sample evaluation.

3.2.10. Statistical Analysis
A Randomized Complete Block Design with 3 replications and 3 subsamples was
used to differentiate (P < 0.05) between the dry cured ham fumigation treatments in
respect to fluoride and sulfuryl fluoride concentrations and the composition of volatile
flavor compounds. When significant differences (P < 0.05) existed among treatments, the
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Tukey’s Honestly Significant Difference test was utilized to separate the treatment
means. For the triangle test, the number of panelists and correct responses were used to
determine significant differences (P < 0.05) among treatments based on Table 17.8 in
Meilgaard et al., (2007).

3.3. Results and Discussion

3.3.1. Fluoride Analysis
Fluoride concentration increased (P < 0.05) in both muscle and intermuscular
lipid components (Figure 3.1) as fumigation concentration increased (0, 12, 24, 36 and 72
mg/L of sulfuryl fluoride) with mean values of 1.1, 3.4, 6.2, 7.5 and 14.0 ppm for muscle
fractions and 1.1, 3.1, 5.5, 7.1 and 13.2 ppm for lipid fractions, respectively. Both protein
and lipid absorbed fluoride during sulfuryl fluoride (SF) fumigation, and concentration of
fluoride was directly related to fumigation concentration (R2 > 0.99). These results are
similar to those of Scheffrahn et al., (1989), who reported that fluoride residues increased
in concentration as SF fumigation concentration increased and the foods that have high
concentrations of proteins and lipids were the most susceptible to the absorption of
fluoride ions.

Since fumigation at all treatment levels yielded ham with fluoride

concentrations that were lower than the legal limit of 20 ppm (EPA, 2004), SF could
potentially be used to fumigate hams at these concentrations if it does not leave residual
SF in the hams and is effective at eradicating ham mites (Tyrophagus putrescentiae)
and/or red legged ham beetles (Necrobia rufipes).

51

52

0

2

4

6

8

10

12

14

16

18

20

1.1 a

Control

1.1 a

3.1 b

24 mg/L

5.5 c

7.1 d

36 mg/L

S ulfuryl Fluoride Fumigation Concentration

12 mg/L

3.4 b

6.2 c

7.5 d

13.2 e

72 mg/L

14 e

T he Legal Limit of Fluoride is 20 ppm

Lipid

Muscle

* Treatment concentrations with the same superscript letters are not different (P> 0.05) within either muscle or lipid fractions.
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3.3.2. Sulfuryl Fluoride Analysis
SF was not detected at a fumigation concentration of 0 mg/L, and the
concentration was negligible at 12 mg/L. In addition, there was a linear increase (P <
0.05) in amount of SF detected in hams that were fumigated at levels from 12 to 72 mg/L
(Figure 3.2), but the amount detected was lower in concentration than 0.01 ppm, the legal
limit of SF in hams. These results were in agreement with recent studies that stated that
SF has the advantage of a low or moderate level of absorption with the majority of food
commodities (Venkata-Rao and Somiahnadar, 2008). Results reveal that samples that are
fumigated at levels up to 72 mg/L are both safe for human consumption and contain
concentrations of SF and fluoride that are below legal limits (EPA, 2004). Therefore, SF
could be potentially used as a fumigant at a concentration of 36 mg/L to treat hams that
are infested with red legged ham beetles since Phillips et al., (2008) reported that SF was
effective at eradicating red legged ham beetles at concentrations of 24 mg/L, but was
ineffective at killing ham mites, even at concentrations in excess of 100 mg/L.
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3.3.3. Aroma Impact Compounds in Control and Fumigated Dry Cured Ham Samples
Greater than 40 volatile compounds were detected in control and SF fumigated
hams through GC-MS analysis, 12 of which were identified as aroma impact compounds
through GCO-FID analysis. These compounds included sulfur compounds (3
compounds), aliphatic and aromatic aldehydes (3 compounds), aliphatic ketones (2
compounds), alcohols (1 compound), sesquiterpene alcohols (1 compound), terpenes (1
compound) and 1 unknown compound. These chemical families agree with previous
studies conducted on dry cured hams (Garcia-Gonzalez et al., 2008; Pham et al., 2008;
Andres et al., 2002; Carrapiso et al., 2002; Ruiz et al., 1999; Berdague et al., 1993;
Buscailhon et al., 1993). The aroma active compounds that were present in the ham
samples (Table 3.1) included carbon disulfide, 2-butanone, 3-methylbutanal, 2-methyl-2undecanethiol, hexanal, heptanal, unknown (possibly methional), 2-octanone, limonene,
2-nonen-1-ol, benzothiazole and cubenol. The peak areas of different volatile compounds
are shown in Table 3.2, but the concentration/peak area of a compound is not directly
related to its sensory impact in food since that is dependent on the sensory threshold of
the compound (Garcia-Gonzalez et al., 2008; Carrapiso et al., 2002). Only a small
percentage of volatile compounds were odor active and the odors that are associated with
these compounds may vary due to concentration and possible synergy with other
compounds that are present in the food matrix (Garcia-Gonzalez et al., 2008; Aparicio
and Morales, 1998; Carrapiso et al., 2002).
Control and fumigated samples had some minor differences in the odors that were
associated with their volatile compounds. The control sample (0 mg/L) had more floral,
mushroom like, fresh and clean odors as compared to the fumigated samples and the SF
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fumigated (36 mg/L) sample had more fishy, unpleasant, putrid, cheesy, green and smoky
odors as compared to the non fumigated control (Table 3.1). In addition, there were
elevated concentrations of carbon disulfide, aldehydes and total volatile compounds in 72
mg/L samples when compared to other treatments. However, no other differences (P >
0.05) existed in peak areas among other aroma impact compounds.
Sulfur compounds are important contributors to meat flavor because of their low
flavor threshold and their contribution to the meaty note in cooked foods (Drumm and
Spanier, 1991; Flores et al., 1997). Sulfur compounds such as carbon disulfide (sulfury
aroma) and 2-methyl-2-undecanethiol (sulfury, unpleasant odor) are formed from the
amino acids methionine, cysteine and cystine, via Strecker degradation to thiols (Shahidi
et al., 1986; Flores et al, 1997). Benzothiazole (gasoline and rubber like odor), another
sulfur compound was detected in all treatments but appeared to have a greater
contribution to aroma in the control sample due to aroma intensity (Table 3.1). This
compound can be formed due to the Maillard reaction and provides rich sources of
intermediates for further flavor-forming reactions, including the formation of pyridines,
thiazoles and oxazoles (Huan et al., 2005; Mottram, 1998; Heath and Reineccius, 1986).
Sulfur compounds such as carbon disulfide and benzothiazole were also detected by GCpFPD. For the lean muscle fraction, orthogonal contrasts revealed that the 72 mg/L
treatment had higher concentrations of carbon disulfide than the non-fumigated control,
but no other differences (P > 0.05) existed in sulfur compound concentrations among
fumigation treatments (Table 3.2). It was evident from these results that fumigation with
sulfuryl fluoride (with the exception of the 72 mg/L treatment, approximately twice the
label rate of the fumigant) did not increase the concentration of sulfur compounds or
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induce the formation of additional sulfur compounds, which could potentially have a
negative effect on the flavor and sensory quality of the product.
The unknown compound, with distinct baked potato and sulfur odor, was detected
in the headspace of both control and fumigated samples. It was not detected by the Mass
Spectral Database in GC-MS but the distinct aroma was perceived by both panelists at the
sniffing port of the GCO-FID and its retention index was similar to those reported in
literature for methional. Baked potato odor has been perceived in different dry cured
ham studies and has commonly been associated with the sulfur compound, methional
which was considered a product of Strecker degradation of methionine (Farmer, 1994).
This compound that was detected is most likely methional based on retention indices as
compared to those that are reported in literature and retention time of the standard
compound. Methyl ketones such as 2-butanone (sweet, alcoholic odor) and 2-octanone
(herb, fruity, butter, resinous odor) were identified in control and fumigated hams.
Generally, methyl ketones have moderate aroma strength and are produced by the ȕoxidation of unsaturated fatty acids (Poligne et al., 2002; Dirinck et al., 1997). 2-octanone
is a carbonyl compound that arises from oxidation or decarboxylation of lipids (Berdague
et al., 1993).
Three aldehydes (hexanal, heptanal and 3-methyl butanal) were detected in the
headspace of the dry-cured hams. Usually, aldehydes cause the loss of the desirable
flavor in meats because of their high rate of formation during lipid oxidation and low
flavor thresholds (Flores et al., 1997; Frankel, 1985). Hexanal (green, fat, tallow odor) is
one of the predominant breakdown products and indicators of the lipid oxidation of n-6
fatty acids (Barbieri et al., 1992). The peak area of hexanal did not differ (P > 0.05)
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among treatments in lean muscle tissue (Table 3.2), but the peak area for hexanal was
greater (P < 0.05) in the intermuscular fat of the ham in the 72 mg/L treatment when
compared to other treatments (Table. 3.2). Heptanal is a typical oxidation product of n-3
and n-6 polyunsaturated fatty acids (PUFAs), which exhibits citrus, green, fatty, rancid
and smoky aroma notes when present in food products at a concentration above the odor
threshold (Olsen et al., 2005). This compound contributed to the odor of the product but
did not differ (P > 0.05) among treatments. 3-methylbutanal (green, almond, nutty, cocoa
aroma) is associated with nutty, cheesy and salty notes in dry cured ham. The peak area
of 3-methylbutanal area was greater in the lean muscle in hams that were fumigated at 36
mg/L when compared to other treatments. In addition, the peak area of methylbutanal for
intermuscular fat was greater (P < 0.05) in the 72 mg/L treatment when compared to
other treatments. These compounds are formed by Strecker degradation of amino acids
such as leucine by dicarbonyl compounds that are formed in the Maillard reactions which
may be favored in dry-cured ham by a high free amino acid content (intense proteolysis),
low water activity (effect of salting) and by the long ripening period (Huan et al., 2005;
Berdague and Tournayre, 2002; Mottram, 1998). Since fumigation with 72 mg/L SF
caused increases in methylbutanal and hexanal peak areas in the intermuscular fat,
fumigation at this concentration has the potential to cause slight increases in lipid
oxidation and potential flavor differences in dry cured ham.

3.3.4. Sensory Difference Test: Triangle Test
The 0 and 36 mg/L samples were selected for the triangle test because 36 mg/L is
close to the label rate (EPA, 2004), it has been shown to destroy red legged ham beetles
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(Necrobia rufipes), was a safe product based on SF and fluoride concentrations, and did
not induce the formation of aldehydes or sulfur compounds that could decrease product
quality. No flavor/sensory differences (P > 0.75) existed between the SF fumigated
samples (36mg/L) and non-fumigated control samples. Only 16 out of 54 people (30 %)
chose the correct ham, which is a lower probability than 33.3 %, the probability of
randomly guessing which ham is different. Since the p-value was so high (P > 0.75) and
three replications of hams were evaluated, there was sufficient evidence to demonstrate
that sensory differences did not exist between non-fumigated hams and hams that were
fumigated at concentrations up to 36 mg/L.
Hams that were fumigated from 0 to 36 mg/L SF had minimal differences in
flavor quality according to GCO, did not differ in peak areas of aroma impact compounds
according to GC-MS analysis, had safe and legal residual levels of SF and fluoride, and
consumers did not detect a difference between treatments. Therefore, 36 mg/L SF could
be used to fumigate dry cured hams that are infested with red legged beetles since it is
able to kill beetles at this concentration (Phillips et al., 2008). However, SF cannot be
used to treat hams that are infested with ham mites (Tyrophagus putrescentiae) since it
cannot destroy the pests even at concentrations as high as 100 mg/L (Phillips et al.,
2008).
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CHAPTER IV
EFFECTS OF PHOSPHINE AND METHYL BROMIDE FUMIGATION ON THE
SAFETY, VOLATILE COMPOSITION, AND SENSORY QUALITY OF DRY
CURED HAM

4.1. Introduction
Methyl bromide fumigation is conducted in the dry cured ham industry to prevent
the infestation of dry cured hams with ham mites (Tyrophagus putrescentiae Schrank),
ham beetles (Necrobia rufipes DeGeer), cheese skippers and dermestid beetles (EPA,
2007). Currently, there are at least 22 dry cured ham processing facilities in Kentucky,
Missouri, North Carolina, Virginia, Tennessee, and Georgia that fumigate dry cured pork
with methyl bromide since it is the only known fumigant that is effective at eradicating
ham mite infestations (Rentfrow et al., 2008).
Since methyl bromide depletes the stratospheric ozone layer, (Marriott and
Schilling, 2004), an international agreement (The Montreal Protocol) was ratified by
more than 180 countries to phase methyl bromide out of all industries by 2015 (EPA,
2007). Therefore, potential alternatives to methyl bromide must be evaluated for their
ability to eradicate Tyrophagus putrescentiae and Necrobia rufipes infestations in dry
cured ham. These potential alternative methods and fumigants must also be evaluated for
their effects on the economic viability of processors and their effects on sensory quality
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and product. Both the Environmental Protection Agency (EPA) and the United States
Department of Agriculture (USDA) are working with scientists to determine if
economically viable and environmentally sound alternatives to methyl bromide exist for
the fumigation of dry cured hams (EPA, 2006). Sulfuryl fluoride, carbon dioxide, ozone,
and phosphine are currently being evaluated for their effectiveness at eradicating ham
mites and red-legged beetles as well as their effects on product quality and safety.
Phosphine (PH3) is commonly used on a worldwide basis as a potential alternative
fumigant to methyl bromide in order to disinfest stored products and processed foods,
which have a maximum allowable phosphine concentration of 0.01 ppm (EPA, 1999). Its
prominence as a fumigant is due to its low cost, ease of application, lack of residues, and
potency (Zuryn et al., 2008). Phosphine is highly toxic to organisms that undergo
oxidative respiration, but is non toxic to organisms that can survive in low oxygen
environments (<1%) or that can anaerobically respire. Phosphine can eliminate all stages
of insect life (egg, larvae and adults) (Bell, 1976). A spot fumigant (with Magnesium
Phosphide as the active ingredient; trade name for phosphine) is specially designed for
protection from insect damage that occurs in stored commodities (Degesch America Inc.,
2007).
The objectives of this research were to evaluate the effects of phosphine and
methyl bromide fumigation on the quality and safety of dry cured hams. Quality and
safety were evaluated through the determination of volatile compound composition,
potential sensory differences, and residual phosphine concentrations in PH3 fumigated
hams.
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4.2. Materials and Methods

4.2.1. Ham Preparation and Fumigation
Commercial aged (for 70-90 days) and smoked (with hickory chips) hams were
obtained from a single dry cured ham processor that does not fumigate with methyl
bromide or any other fumigant. The hams were cut into sections (28 cm x 11 cm x 11 cm)
that were approximately half the size of a whole ham so that the sections would fit into
10.3 L fumigation jars.
Experiment I: Three replications of hams were fumigated with PH3 (Matheson Tri-Gas
Inc., Newark, CA) for 48 hrs at 23°C at the following target concentrations: 0 ppm
(untreated control), 200 ppm and 1000 ppm.
Experiment II: Three replications of hams were fumigated with MB for 48 hrs at 23°C at
following target concentrations: 0 (untreated control), 4, 8, 16, and 32 mg/L.
The fumigated hams were then evaluated in triplicate (within each replication) for
volatile compounds within each replication. The different ham samples were sliced into
small pieces and the intermuscular fat (lipid) and lean muscle fractions were separated.
The hams were then weighed and the same amount of deodorized water was added to the
sample to make a ham:water (1:1) mixture prior to homogenization for 20 sec (HC 306,
Black & Decker, Towson, MD) and the determination of phosphine and volatile
compound peak areas.
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4.2.2. Determination of Phosphine (PH3) gas
PH3 gas was purchased from Scott Specialty Gases, Inc. Pasadena, TX. A gastight
syringe (Hamilton Inc. Reno, NV) was used to extract the gas from the cylinder by using
a regulator, 4-way Luer stopcock (World Precision Instruments, Inc., Sarasota, FL), and a
small diameter thin rubber hose pipe. The gas was injected into the injector port of the
Gas Chromatography/Pulsed Flame Photometric Detector (GC-pFPD) in phosphorous
mode to determine the retention time (peak) of the PH3 gas. These standards were used to
verify the presence of PH3 when it was detected in hams that were fumigated with
phosphine as well as to verify that the syringe was effective at extracting PH3. Sodium
phosphate was used as an external standard to quantify PH3 concentration in the ham
samples. The molecular weight and percentage of phosphorous in both PH3 and sodium
phosphate were calculated to obtain final values. Sodium phosphate was also injected
into the GC-pFPD at concentrations of 0.001, 0.005, 0.01, 0.05, 0.1 ppm to make a
standard curve. This standard curve was used to quantify the amount of PH3 in the hams
based on ppm phosphate.

4.2.3. Extraction of Volatile Compounds by SPME for GC-pFPD, GC-MS and GCO-FID
The SPME method that was used for the extraction of headspace volatile
compounds was similar to those that were used in previous studies (Pham et al., 2008;
Huan et al., 2005; Carrapiso et al., 2002). Prior to sampling, new SPME fibers were
conditioned under helium flow into a split/splitless GC injection port for 1 hr at 270˚C to
remove any possible contaminants from the fiber coating. The fiber was then desorbed in
the GC injector for 5 min, to determine the presence of extraneous peaks. Homogenized
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ham samples (10g) were transferred to pre-cleaned 40 ml amber glass vials (O.D. 28 x 98
mm height, Supelco, Bellefonte, PA) with propylene screw caps and Teflon faced
silicone septums (O.D. 22 mm diameter x 31.75 mm thickness, Supelco, Bellefonte, PA).
Sodium chloride (0.5 g) was added to the sample in the amber glass vial and was
equilibrated at 50˚C for 30 min. The StableFlex 1 cm -50/30ȝm three phase
(DVB/CAR/PDMS) SPME fiber (1 cm-50/30 ȝm StableFlex Divinylbenzene (DVB)/
CarboxenTM (Car)/ Polydimethylsiloxane (PDMS),Supelco, Bellefonte, PA) was inserted
into the vial to extract the volatile compounds that were present in the headspace. The
three phase SPME fiber was selected since it previously exhibited the best extraction
performance for medium and high molecular weight analytes in dry cured hams (Gianelli
et al., 2002). The SPME fiber was exposed to the generated sample headspace for 1 hr at
50˚C in a thermostatic heating block (Reacti-therm Heating/ Stirring Module, Pierce
Biotechnology Inc., Rockford, IL) with constant stirring using a magnetic octagonal
stirring bar (8 mm diameter x 13 mm length, Fisher, Pittsburgh, PA). The volatiles were
thermally desorbed from the SPME fiber into the injection port of a Varian 3900 gas
chromatograph (Varian Inc., Walnut Creek, CA), or the injection ports of either a Varian
3800 flame ionization detector with a sniff port or a Varian 3800 with a flame
photometric detector.

4.2.4. Gas Chromatography-Pulsed Flame Photometric Detector (GC-pFPD)
The GC-pFPD analysis was carried out using a Varian CP-3800 (Varian Inc.,
Walnut Creek, CA) gas chromatograph that was equipped with a DB-5 column (30m long
x 0.53 mm i.d., 0.25 ȝm film thickness, J & W Scientific, Folsom, CA.) and a flame
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photometric detector (phosphorous mode). Operating conditions were as follows: injector
temperature of 225˚C, column flow rate of 4 mL/min, initial oven temperature of 35˚C
for 4 min hold time with 14˚C/min ramp rate to 250˚C, and a pressure of 10 psi and
equilibration time of 0.25 min. The detector temperature was 250˚C, and the total
running time was 12.36 min. Ultra high purity helium (Airgas, West Point, MS) was
used as the carrier gas for the experiment. Analysis of each sample was repeated in
triplicate to ensure reproducibility of the results. The identity of PH3 was confirmed
using an authentic standard.

4.2.5. Gas Chromatography-Mass Spectrometry (GC-MS)
Analysis of volatile compounds (Ruiz et al., 1998) that were adsorbed on the
SPME fiber was performed using a Varian 3900 gas chromatograph equipped with a CP1177 Split/Splitless injector and a DB-5 column (30m long x 0.25 mm i.d., 0.25 ȝm film
thickness, J & W Scientific, Folsom, CA) that was coupled with a Saturn 2100T ion trap
mass selective detector (MSD, Varian Inc., Walnut Creek, CA).

The operating

conditions for the GC portion of the GC-MS were identical to those for the GC-pFPD.
For the MS, the interface temperature was 250˚C with an ionization energy of 70 eV.
The mass range, scan rate and flow rate were 33-350 a.m.u., 2.2 scan/s and 0.96mL/min.
Ultra high purity helium (Airgas, West Point, MS) gas was used as the carrier gas for the
experiment. Analysis of each sample was repeated in triplicate to ensure reproducibility
of the results. The mass spectral data for volatile compounds (for GC-MS) was
determined by using the library search algorithm, NIST02 Mass Spectral Database (NIST,
Maryland; purchased from Varian Inc.). The following reference compounds were
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utilized to verify the volatile compounds that were identified using the mass
spectrometer: carbon disulfide, 2-propanethiol, 3-methylthiopropanal, 2-butanone, 3methylbutanal, hexanal, heptanal, methional, 2,5- dimethyl pyrazine, 2-octanone,
limonene, benzeneacetaldehyde, 2-methoxy phenol, 2-nonen-1-ol, 4-methyl-2-methoxy
phenol, benzothiazole, 4-ethyl-2-methoxy phenol, 2,6-dimethoxy phenol and alpha
farnesene. (Sigma–Aldrich Chemical Co., Milwaukee, WI).

4.2.6. Gas Chromatography-Olfactometry- Flame Ionization Detector (GCO-FID)
Aroma impact compounds that were present in the hams were identified using a
gas chromatograph (Varian CP-3800, Varian Inc., Walnut Creek, CA) equipped with a
sniffing port (ODO-I, SGE, Kramer Lane, Austin, TX) and a flame ionization detector
(FID). A DB-5 capillary column (30m long x 0.25 mm i.d., 0.25 ȝm film thickness),
J&W Scientific, Folsom, CA) was used to separate the volatile compounds. The sniffing
port was equipped with humidified air at a flow rate of 30 ml/min to maintain olfactory
sensitivity. Three trained panelists (>30 hrs experience with dry cured ham) evaluated the
aroma associated with the volatile compounds that were present in the control and
fumigated samples. The intensity of the perceived aroma was rated by each panelist using
a 0–15 potentiometric sliding scale (Osme Software, Starkville, MS). The retention time,
intensity and verbal description of the aroma were listed by a coworker. Operating
conditions for the GC portion of the GCO were identical to those of the GC–MS and GCpFPD.
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4.2.7. Identification of Aroma Impact Compounds
Volatile compounds were tentatively identified using the library search algorithm,
NIST02 Mass Spectral Database on the GC-MS and were further substantiated by
obtaining odor descriptors from the gas chromatograph-olfactometer/flame ionization
detector (GCO-FID). The retention indices were calculated using retention times of
volatile compounds and retention times of n-alkane standards from C5-C18 for both the
GC-MS and GCO-FID data. The retention indices (RIs) and the odors perceived at the
sniffing port of the GCO-FID were compared with literature to reach the final compound
list. The aroma impact compounds were also confirmed by running the authentic
standards, listed in section 4.2.6, on the GCO-FID and matching their RIs and the aroma
quality perceived at the sniffing port with literature (Pham et al., 2008; Ramirez and Cava,
2007; Gianelli et al., 2002; Flores et al., 1997).

4.2.8. Sample Preparation for Sensory Analysis: Triangle Test
A triangle test was performed to determine if consumers could perceive a
difference between ham samples that were fumigated with PH3 at concentrations of 0 and
1000 ppm. The treated ham samples were analyzed to determine if they contained safe
and legal concentrations of phosphine. Refrigerated ham slices were equilibrated to room
temperature. Ham slices were then wrapped in Reynolds™ extra heavy duty foil bags
and placed on a metal baking dish prior to placement in the oven. Hams slices were
cooked at 177˚C to a temperature of 71˚C that was checked using an infrared
thermometer (Horiba IT-330, Horiba Inc. Irvine, CA).
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Oven baked ham slices were cut into square pieces (2.54 cm X 2.54 cm), and
placed in chafing dishes (60˚C) for 0-15 min and then evaluated by consumers (n=54).
Upon serving, ham pieces were placed in 29.5 ml plastic containers (Sweetheart Cup
Company, Owings Mills, MD), that were coded with three digit random numbers. Each
panelist received 3 containers of ham for every session, in which two were the same
treatment and one was different. The presentation order of the 3 samples was randomized
for each panelist to account for bias. Panelists were asked to choose the sample that was
different from the other 2 samples. Panelists evaluated dry cured ham samples in separate
booths in a well ventilated and temperature controlled room under fluorescent lighting.
Panelists were provided with water (Mountain Spring Water, Blue Ridge, GA), unsalted
crackers (Premium Nabisco, NJ) and expectorant cups (Dart Container Corporation,
Mason, MI), to remove residual flavors in between sample evaluation.

4.2.9. Statistical Analysis
Randomized Complete Block Designs with 3 replications and 3 subsamples was
used to differentiate (P < 0.05) between the dry cured ham fumigation treatments in
respect to the composition of volatile flavor compounds. When significant differences (P
< 0.05) existed among treatments, Tukey’s Honestly Significant Difference test was
utilized to separate the treatment means. For the triangle test, the number of panelists and
correct responses were used to determine significant differences (P < 0.05) among
treatments based on Table 17.8 in Meilgaard et al., (2007).
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4.3. Results and Discussion

4.3.1. Phosphine Analysis
PH3 was not detected at a fumigation concentration of 0 ppm. There was an
increase (P < 0.05) in amount of residual PH3 detected in hams that were fumigated at
levels of 200 ppm and 1000 ppm (Figure 4.1), but the amount detected was less than 0.01
ppm, the legal limit of PH3 in processed foods. No legal limit for phosphine has been
established for ham, but 0.01 ppm would likely be the limit based on current regulations
for other food products. Results reveal that samples that are fumigated at levels up to
1000 ppm are both safe for human consumption and contain concentrations of PH3 that
are below legal limits (EPA, 2004). Therefore, PH3 could be potentially used as a
fumigant at a concentration of 1000 ppm to treat hams that are infested with ham mites.
According to Phillips (2009), PH3 was effective at eradicating red legged ham beetles at
concentrations of 400 ppm and was also effective at killing ham mites at concentrations
of 1000 ppm PH3. Phillips et al., (2008) also reported that MB can be used at a
concentration of 8 g/m3 to kill all stages of mites and beetles in hams. These results are
from laboratory tests, but imply that producers could potentially fumigate hams with less
than 24 g/m3, the current usage level that is reported by the industry (EPA, 2007). Since
ham aging facilities are not as airtight as fumigation chambers on the bench top, further
applications would need to be conducted under industrial conditions to determine the
minimum amount of methyl bromide that can be used during industrial dry cured ham
fumigation.
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Figure. 4.1. Effect of Phosphine Fumigation on the Residual Phosphine (PH3) Concentration in Dry Cured Ham*.
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4.3.2. Aroma Impact Compounds in Control and Fumigated Dry Cured Ham Samples
Greater than 45 volatile compounds were detected in control and PH3 fumigated
hams through GC-MS analysis, and seventeen of these compounds were identified as
aroma impact compounds through GCO-FID analysis. The aroma active compounds that
were present in the PH3 fumigated ham samples are listed in Table 4.1. In the second
experiment, greater than 40 volatile compounds were detected in the control and MB
fumigated hams through GC-MS analysis, and twelve of these compounds were
identified as aroma impact compounds through GCO-FID analysis (Table 4.2). These
compounds and chemical families agree with previous studies conducted on dry cured
hams (Garcia-Gonzalez et al., 2008; Pham et al., 2008; Huan et al., 2005; Andres et al.,
2002; Carrapiso et al., 2002; Ruiz et al., 1999; Berdague et al., 1993; Buscailhon et al.,
1993). Fewer compounds were identified in the MB fumigated hams than the PH3
fumigated hams. This may be due to sampling hams at a different time of year, natural
variation in raw materials or due to difference in the properties of the fumigation gases.
Control and fumigated samples had some minor differences in the odors that were
associated with their volatile compounds. In PH3 fumigation, the control samples (0 ppm)
had more intense floral, rose like, fresh, clean, cocoa, sweet and smoky ham odors as
compared to the fumigated samples, and the PH3 fumigated (1000 ppm) samples had
more intense unpleasant, putrid, cheesy, green, woody, sweet and fruity odors as
compared to the non fumigated control samples (Table 4.1). In addition, there were
elevated concentrations of methional, benzothiazole, alpha farnesene, aldehydes and total
volatile compounds in 1000 ppm samples when compared to other treatments. However,
no other differences (P > 0.05) existed in peak areas among aroma impact compounds.
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In MB fumigation, the control sample (0 mg/L) had more intense sweet,
fermented, milky, cocoa, citrusy and fruity odors as compared to the fumigated samples
and the MB fumigated (32 mg/L) sample had more unpleasant, mushroom like, green,
savory, smoky and sweet ham odors as compared to the non fumigated control (Table
4.2). In addition, there were elevated concentrations of carbon disulfide, aldehydes
(hexanal and heptanal) and total volatile compounds in 32 mg/L samples when compared
to other treatments. However, no other differences (P > 0.05) existed in peak areas
among other aroma impact compounds.
Sulfur compounds are important contributors to meat flavor because of their low
flavor threshold and their contribution to the meaty note in cooked foods (Drumm and
Spanier, 1991; Flores et al., 1997). Sulfur compounds such as carbon disulfide (sulfury
aroma) and 2-propanethiol (unpleasant, putrid odor) are formed from the amino acids
methionine, cysteine and cystine, via Strecker degradation to thiols (Shahidi et al., 1986;
Flores et al, 1997). Methional (baked potato, grassy odor) has been perceived in different
dry cured ham studies and is formed due to the Strecker degradation of methionine
(Farmer, 1994). Benzothiazole (gasoline and rubber like odor), another sulfur compound
was detected in all treatments but appeared to have a greater contribution to aroma in the
fumigated sample based on an increased aroma intensity (Table 4.1).
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sweet ham
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sweet ham
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green, almond, malty, cocoa
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Aroma impact compounds are presented in order of their elution on the DB-5 capillary column. Retention indices calculated for DB-5 capillary column (J & W Scientific: 30m x 0.25 mm i.d. x
0.25 ȝm film thickness) on a gas chromatograph equipped with a sniffing port and flame ionization detector. cCompounds were identified by: a - Mass spectrum tentatively identified using NIST02
library, b - Retention index calculated using GCO data and aroma perceived at sniffing port match those of an authentic standard, c - Retention index calculated using GCO data and aroma
perceived at sniffing port in agreement with literature, d - Aroma perceived at the sniffing port d Aroma quality perceived by both panelists during SPME-Osme-GCO. eAverage aroma intensity
perceived at the sniffing port during SPME Osme-GCO.
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Aroma Impact Compounds detected in the headspace of control and PH3 Fumigated Dry Cured Hams during SPMEGCMS and SPME-GCO-FID.

Table 4.1.





This compound can be formed due to the Maillard reaction and provides rich
sources of intermediates for further flavor-forming reactions, including the formation of
pyridines, thiazoles and oxazoles (Huan et al., 2005; Mottram, 1998; Heath and
Reineccius, 1986). For the lean muscle fraction, orthogonal contrasts revealed that both
PH3 fumigation treatments (200 ppm and 1000 ppm) had higher concentrations of
benzothiazole when compared to the non-fumigated control. Also, there were higher
concentrations of methional and benzothiazole in higher PH3 fumigation treatment as
compared to low PH3 fumigation treatment (Table 4.3) which could potentially have a
negative effect on the flavor and sensory quality of the product. However, the slight
differences in aroma quality perceived by GCO are not a direct indicator of changes in
sensory perception. For MB fumigation, there were higher concentrations (P < 0.05) of
carbon disulfide in the lipid fraction in the 32 mg/L samples when compared to other
treatments (Table 4.4).
Four aldehydes (hexanal, heptanal, 3-methyl butanal and benzeneacetaldehyde)
were detected in the headspace of the dry-cured hams. Methyl-branched aldehydes such
as 3-methylbutanal and benzeneacetaldehyde are major flavor contributors to dry cured
hams due to their low odor thresholds and distinctive aroma characteristics (Careri et al.,
1993). Other aldehydes such as hexanal and heptanal cause the loss of desirable flavors in
meats because of their high rate of formation during lipid oxidation. However, these
compounds are commonly present in dry cured hams due to aging and are not necessarily
a detractant to the acceptability of the product (Flores et al., 1997; Frankel, 1985).

76

77

3-Methylbutanal
Hexanal
Heptanal
Methional
Unknown
Limonene
2-Nonen-1-ol

4- Methyl- 2- methoxy
Phenol
4- Ethyl-2- methoxy Phenol

2,6- Dimethoxy Phenol

3.14

6.21

8.05

8.1

9.45

9.94

10.86

11.8

13.48

12.5
3.5
8.0
9.5
11.0

11.0
9.0
0.0
7.5
9.0

buttery popcorn, cooked rice
green, citrus, fruity
melon, mushroom
sweet ham
sweet ham

c, d
a, b, c, d
a, b, c, d
a, b, c, d
a, b, c, d

898
902
915
1033
1168
1173
1287

1359

902, 903, 909, 911
915
1029, 1031, 1033
1109, 1149, 1169
1181, 1190
1285

1359

a, b, c, d

a, b, c, d

a, b, c, d

6.0

savory, smoky ham

baked potato, grassy

3.5

8.5

citrus, green, fruity, smoky ,rancid 5.5

grass, fat, tallow

6.0

13.0

8.0

9.5

5.0

899, 900

a, b, c, d

6.5

792

fermented, malty, cocoa

7.0

32mg/L
8.0
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Aroma impact compounds are presented in order of their elution on the DB-5 capillary column. bRetention indices calculated for DB-5 capillary column (J & W Scientific: 30m x 0.25 mm i.d. x
0.25 ȝm film thickness) on a gas chromatograph equipped with a sniffing port and flame ionization detector. cCompounds were identified by: a - Mass spectrum tentatively identified using NIST02
library, b - Retention index calculated using GCO data and aroma perceived at sniffing port match those of an authentic standard, c - Retention index calculated using GCO data and aroma
perceived at sniffing port in agreement with literature, d - Aroma perceived at the sniffing port d Aroma quality perceived by both panelists during SPME-Osme-GCO. eAverage aroma intensity
perceived at the sniffing port during SPME Osme-GCO.
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Retention Timea Compounda

Table. 4.2. Aroma Impact Compounds detected in the headspace of control and MB Fumigated Dry Cured Hams during SPMEGCMS and SPME-GCO- FID.





Hexanal (green, fat, tallow odor) is one of the predominant breakdown products and
indicators of the lipid oxidation of n-6 fatty acids (Barbieri et al., 1992) and is commonly
derived from the oxidative decomposition of linoleic acid (Flores et al., 1997). In MB
fumigation, there were higher concentrations (P < 0.05) of hexanal in the 32 mg/L
samples when compared to other treatments in the lipid fraction (Table 4.4). Heptanal is a
typical oxidation product of n-3 and n-6 polyunsaturated fatty acids (PUFAs), which
exhibits citrus, green, fatty, rancid and smoky aroma notes when present in food products
at a concentration above the odor threshold (Olsen et al., 2005). In PH3 fumigation,
orthogonal contrasts revealed that both PH3 fumigation treatments had higher (P < 0.05)
concentrations of heptanal when compared to the non-fumigated control in lean muscle
tissue. Also, there was a higher concentration of heptanal (P < 0.05) in the higher PH3
fumigation treatment when compared to the low PH3 fumigation treatment (Table 4.3). In
MB fumigation, for the lean muscle fraction, the 32 mg/L treatment had higher
concentrations of heptanal (P < 0.05) when compared to the control samples (Table 4.4).
Based on these results, it was evident that fumigation at 32 mg/L slightly induced
oxidation in the hams. 3-methylbutanal (green, almond, nutty, cocoa aroma) is associated
with nutty, cheesy and salty notes in dry cured ham. These compounds, though not
statistically different, had higher numerical concentrations at the highest fumigation
levels when compared to control treatments.

These compounds are formed by the

Strecker degradation of amino acids such as leucine in Maillard browning reactions
which may be favored in dry-cured ham due to a high free amino acid content (intense
proteolysis), low water activity (effect of salting) and the long aging period (Huan et al.,
2005; Berdague and Tournayre, 2002; Mottram, 1998).
78

79
3.43b
2.62a
3.47a
3.17a

3.88b
3.95a
2.10a
0.00a

Benzothiazole

4- Ethyl-2- methoxy Phenol

2,6- Dimethoxy Phenol

Alpha Farnesene

4.79a

12.14a

9.11a

13.51a

8.22a

15.18a

18.84a

13.08a

16.99a

8.20a

11.73a

21.75a

9.41a

6.50a

19.63a

20.04a

1000ppm

0.00b

5.03a

3.89a

2.91a

7.14a

4.21a

5.21a

3.71a

4.63a

6.23a

5.29a

6.04a

7.76a

7.03a

3.79a

1.87a

Means within a row with same letter are not significantly different (P > 0.05) within either the muscle or lipid fractions.

3.63b

3.00a

4- Methyl-2-methoxy Phenol

a-b

4.81a

3.26a

3.72a

3.04a

Limonene

2-Nonen-1-ol

5.83a

4.01a

2- Octanone

3.12a

6.56a

3.05a

2,5- Dimethyl Pyrazine

3.25a

3.95a

9.88a

Methional

2- Methoxy Phenol

2.68b

2.55b

Heptanal

6.17a

4.59a

2.80a

3-Methylbutanal

4.76a

5.01a

4.20a

2- Propanethiol

Benzeneacetaldehyde

4.37a

2.48a

3.30b

8.89 a

4.42a

5.19a

3.91a

7.37 a

5.79 a

4.09 a

3.96 a

3.13 a

5.64 a

5.48 a

8.47a

5.06a

4.73a

3.21a

200ppm

13.33a

12.92a

17.05a

12.52a

6.73a

14.79a

9.71a

5.31a

17.37a

9.08a

15.73a

20.07a

15.07a

22.92a

12.25a

8.04a

1000ppm

0 ppm

200ppm

0 ppm

Lipid Peak Area (Total ion counts/105)in different PH3
fumigated treatments

Muscle Peak Area (Total ion counts/105)in different PH3
fumigated treatments

Mean Muscle and Lipid Peak areas of aroma impact compounds in control and PH3 treated hams.

Carbon Disulfide

Compound

Table 4.3.
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a-b

4.68a
11.7a

4.51a
4.03a

4-Ethyl-2-methoxy phenol

2,6- Dimethoxy phenol

15.7a

4.59a

17.9a

4.01a

3.70a

5.09a

3.87a

3.47a

2.47a

8
11.5a

3.46a

3.94a

2.46a

4.23a

3.78a

2.95a

4.96a

6.82a

3.22a

16
7.44a

3.42a

2.78a

3.32a

4.58a

1.94a

23.2a

14.9a

16.25a

2.72a

32
43.6a

5.88a

4.03a

14.9a

2.32a

1.64a

3.02a

31.4a

18.95a

2.91a

48
13.9a

3.14a

3.22a

8.70a

9.49a

8.25a

14.2a

5.80b

3.73a

2.38a

0
2.73b

3.77a

7.08a

4.19a

3.91a

2.46a

17.5a

4.56b

3.25a

0.79a

4
20.9ab

14.49a

17.92a

2.87a

2.85a

2.85a

3.56a

3.28b

12.4a

1.52a

8
7.57b

3.93a

2.76a

5.83a

3.38a

2.79a

6.43a

5.64b

4.59a

2.90a

16
1.75b

3.64a

3.32a

4.09a

3.99a

2.39a

2.61a

29.9a

3.06a

1.69a

32
38.4a

4.48a

5.95a

5.49a

11.9a

3.39a

4.15a

5.08b

16.49a

2.21a

48
6.62b

Lipid Peak Area (Total ion counts/105)in different MB fumigated
treatment concentrations (mg/L)

Means within a row with same letter are not significantly different (P > 0.05) within the muscle or lipid fractions.

18.3a

3.49a

3.82a

Limonene

2.34a

8.76a

4.02a

Heptanal

4-Methyl-2-methoxy phenol

4.22a

3.55a

Hexanal

10.9a

1.61a

4.65a

3-Methylbutanal

3.13a

1.69a

2.59a

2-Butanone

2-Nonen-1-ol

4
13.2a

0
3.59a

Carbon Disulfide

Muscle Peak Area (Total ion counts/105)in different MB
fumigated treatment concentrations (mg/L)

Mean Muscle and Lipid Peak areas of aroma impact compounds in control and MB treated hams.

Compound
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The sesquiterpene, alpha farnesene (woody, sweet, fruity odor) was present in
phosphine fumigated hams. In the lipid fraction, there were higher concentrations (P <
0.05) of alpha farnesene in the high PH3 fumigated samples when compared to control
and low fumigation treatments. The sesquiterpene alpha-farnesene occurs naturally in the
coating of apples and pears. Conjugated triene (CT) oxidation products of the acyclic
sesquiterpene alpha-farnesene are thought to induce development of the physiological
storage disorder superficial scald in apple and pear fruits (Whitaker, 2007). Alpha
farnesene is produced by a number of plant tissues in response to herbivory, wounding,
pathogen and general defense (Picaud et al., 2005).. According to some researchers,
farnesenes are produced from isomers of farnesyl diphosphate (FDP). Studies show that
farnesenes are synthesized via the mevalonate pathway through trans FDP biosynthesis
and the final rate limiting enzyme (farnesene synthase) converts trans FDP into farnesene
(Rupasinghe et al., 2001; Green et al., 2007).

Since phosphine is composed of 1

phosphorous and 3 hydrogen atoms, the phosphorous may react with compounds in the
food product to form farenesyl diphosphate which is then converted to alpha farnesene.
Pyrazines, methyl ketones, and alcohols were detected in all hams and contributed
to ham odor, but no differences (P >0.05) in peak areas were detected among treatments
for these compounds (Table 4.3, 4.4). In addition, these compounds have been previously
identified as odor impact compounds in dry cured hams by many researchers (Pastorelli
et al., 2003; Flores et al., 1997).
The unknown compound, with distinct cooked rice, buttery popcorn odor, was
detected in the headspace of both control and fumigated samples. It was not detected by
the Mass Spectral Database in GC-MS but the distinct aroma was perceived by all the
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panelists at the sniffing port of the GCO-FID. This compound is possibly dimethyl
pyrazine or acetylpyrolline. Acetylpyrolline is an aroma compound that contributes to the
distinct flavors of white bread, jasmine rice and basmati rice. This compound is
commonly formed due to Maillard reactions during heating of food such as baked bread
(Wongpornchai et al., 2003).

4.3.3. Sensory Difference Test: Triangle Test
For PH3 fumigation, the 0 and 1000 ppm samples were selected for the triangle
test because 1000 ppm has been shown to destroy red legged ham beetles and ham mites
and was a safe product based on residual PH3 concentrations. No flavor/sensory
differences (P > 0.75) existed between the PH3 fumigated samples (1000 ppm) and nonfumigated control samples. Only 19 out of 56 people (33.9 %) chose the correct ham.
Since the p-value was so high (P > 0.75) and three replications of hams were evaluated,
there was sufficient evidence to demonstrate that sensory differences did not exist
between non-fumigated hams and hams that were fumigated at concentrations up to 1000
ppm. Hams that were fumigated from 0 to 1000 ppm had slight differences in flavor
quality according to GCO but only minimal differences existed in peak areas of aroma
impact compounds according to GC-MS analysis, had safe and legal residual levels of
PH3, and consumers did not detect a difference between treatments. Therefore, 400 ppm
PH3 could potentially be used to fumigate dry cured hams that are infested with red
legged beetles since it is able to kill beetles at this concentration and 1000 ppm PH3 can
be used to treat hams that are infested with ham mites (Tyrophagus putrescentiae) since it
effectively kills ham mites with 48 hr of exposure (Phillips, 2009).
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The use of phosphine as a potential alternative to methyl bromide for fumigation
in food processing and stored-grain facilities has potential limitations. Due to phosphine's
potential corrosive effects on metal and its chemical volatility, its use as a fumigant is
decreasing (USDA, 2002). The corrosiveness of phosphine is relative, dependant on its
concentration, type of exposed metal, temperature, and relative humidity, among other
variables (USDA, 2002). Also, some stored grain insects such as Rhyzopertha dominica
and Sitophilus oryzae have developed a resistance to phosphine, which may be
detrimental to its use in future applications (Collins et al., 2002; Zuryn et al., 2008).
Phosphine resistant strains have been reported to absorb very small amounts of the
compound compared to their susceptible counterparts. The reduced uptake might be due
to either the phosphine insensitive target site or to a membrane based efflux system that
excludes phosphine gas in resistant insects (Chaudhry, 1997). However, even with these
limitations, phosphine needs to be evaluated at individual plants to determine if it can be
utilized as an potential alternative to methyl bromide since it does not negatively affect
sensory quality and is effective at killing Tyrophagus putrescentiae and Necrobia rufipes.
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CHAPTER V
EFFECTS OF CARBON DIOXIDE AND OZONE FUMIGATION ON THE
VOLATILE COMPOSITION AND SENSORY QUALITY OF
DRY CURED HAM

5.1. Introduction
Methyl bromide is a broad spectrum pesticide that is the only known
fumigant/method that is effective at eradicating ham mite infestations. Dry cured hams
are fumigated with methyl bromide to prevent the infestation of ham mites (Tyrophagus
putrescentiae Schrank), ham beetles (Necrobia rufipes DeGeer), cheese skippers and
dermestid beetles (EPA, 2007). Currently, there are at least 22 dry cured ham processing
facilities in Kentucky, Missouri, North Carolina, Virginia, Tennessee, and Georgia that
fumigate dry cured pork with methyl bromide (Rentfrow et al., 2008). Methyl bromide
depletes the stratospheric ozone layer (Marriott and Schilling, 2004). Methyl bromide use
will be phased out of all industries by 2015 according to the Montreal Protocol (an
international agreement ratified by more than 180 countries) (EPA, 2007). Therefore,
potential alternative fumigants and methods need to be evaluated for their ability to
eradicate infestations of ham mites and ham beetles, their effects on the sensory quality
and safety of the ham product. Both the Environmental Protection Agency (EPA) and the
United States Department of Agriculture (USDA) are working together with scientists
84



and farmers to avail economically viable and environmentally sound alternatives to
methyl bromide (EPA, 2006). The EPA has issued a critical use exemption for post
harvest uses such as food processing and commodity storage including dry cured pork
products, since effective alternatives are not yet available for use (EPA, 2007).
Carbon dioxide (CO2) is an “organic” fumigant that produces no harmful residues
and is relatively safe to use. It is effective in killing insects in all stages of their life cycles
as it can asphyxiate insects. CO2 can kill insects not by inhibiting normal electron
transport of the respiratory chain, but rather by enhancing the respiration. When the
energy-transfer (production of ATP) is blocked, and at the same time, the respiration is
accelerated, the insects have to use their stored energy sources and the exhaustion of
those resources directly lead to the death of the insects (Tsao et al., 2002). It could be
used for long-term storage of products (Ryan et al., 2006). CO2 is the only fumigant that
can be used to control insect pests in organic product storage. CO2 fumigation should be
practiced under completely sealed storage. Carbon dioxide controlled atmosphere
fumigation plays an important role in the production of residue free grains (Ryan et al.,
2006). Carbon dioxide has a unique quality to dispense insecticide chemicals. High
concentrations of CO2 have been shown to be effective in the control of various insect
pests (Carpenter et al., 1996; Banks and Fields, 1995; Seaton and Joyce, 1993). To be
effective, elevated CO2 atmospheres must be maintained until all insects die. The
required exposure time is dependent on the concentration of CO2 and the treatment
temperature. The successful use of CO2 as a fumigant depends on the initial concentration
achieved and a leak-proof system (Page et al., 2002).
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Ozone (O3) is considered a generally recognized as safe (GRAS) disinfectant that
can be applied to sanitize food storage rooms and packaging materials, which may help to
control insects during the storage of foods (Beuchat, 1991). Ozone can eliminate insects
in grain storage facilities without harming food quality or the environment. Ozone gas is
unstable and decays naturally into diatomic oxygen, thus leaving no residues (Larson,
1988; Finch and Fairbairn, 1991). Ozone is a very effective germicide against viruses,
bacteria, spores and stored grain insects (Bonjour et al., 2008; Kells et al., 2001; Restaino
et al., 1995; Finch and Fairbairn, 1991; Korich et al, 1990). The method of action for
oxidants is to cause irreversible damage to the fatty acids in the cell membrane and
cellular proteins by oxidation (Beuchat, 1991; Reagon et al., 1996; Luck and Jager, 1998).
The objectives of this research were to evaluate the effects of carbon dioxide and
ozone fumigation treatments on the quality and safety of dry cured hams. Quality and
safety were evaluated through the determination of volatile compound composition and
potential sensory differences in hams that were fumigated with varying concentrations of
CO2 and O3.

5.2. Materials and methods

5.2.1. Ham Preparation and Fumigation
Commercial aged (for 70-90 days) and smoked (with hickory chips) hams were
obtained from a single dry cured ham processor that does not fumigate with methyl
bromide or any other fumigant. Three replications were performed on five commercial
hams. The hams were cut into sections (28 cm x 11 cm x 11 cm) that were
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approximately half the size of a whole ham so that the sections would fit into 10.3 L
fumigation jars.
Experiment I: Three replications of hams were fumigated with CO2 (Linweld Co from
Lincoln, NE) at 23°C at the following target concentrations: 0% (untreated control),
60% for 48 hrs and 60% for 96 hrs. These concentrations were determined as the most
practical

and

effective

dose

to

eradicate

insect

pests

in

a

reasonable

amount of time since CO2 is expensive and it is logistically difficult to achieve
concentrations over 60% (Phillips, 2009).
Experiment II: Three replications of hams were fumigated with O3 (Adaptive Ozone
Solutions, Lenexa, KS) for 48 hrs at 23°C at following target concentrations: 0
(untreated control) and 175 ppm.
The fumigated hams were then evaluated in triplicate (within each replication)
for volatile compounds within each replication. The different ham samples were sliced
into small pieces and the intermuscular fat (lipid) and lean muscle fractions were
separated. The hams were then weighed and the same amount of deodorized water was
added to the sample to make a ham:water (1:1) mixture prior to homogenization for 20
sec (HC 306, Black & Decker, Towson, MD) and the determination of volatile
compound peak areas.

5.2.2. Extraction of Volatile Compounds by SPME for GC-MS and GCO-FID
The method that was used for the extraction of headspace volatile compounds by
SPME was obtained from previous studies (Pham et al., 2008; Huan et al., 2005;
Carrapiso et al., 2002). Prior to sampling, new SPME fibers were conditioned under
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helium flow into a split/splitless GC injection port for 1 hr at 270˚C to remove any
possible contaminants from the fiber coating. The fiber was then desorbed in the GC
injector for 5 min, to determine the presence of extraneous peaks. Homogenized ham
samples (10g) were transferred to pre-cleaned 40 ml amber glass vials (O.D. 28 x 98 mm
height, Supelco, Bellefonte, PA) with propylene screw caps and Teflon faced silicone
septums (O.D. 22 mm diameter x 31.75 mm thickness, Supelco, Bellefonte, PA). Sodium
chloride (0.5 g) was added to the sample in the amber glass vial and was equilibrated at
50˚C for 30 min. The StableFlex 1 cm -50/30ȝm three phase (DVB/CAR/PDMS) SPME
fiber (1 cm-50/30 ȝm StableFlex Divinylbenzene (DVB)/ CarboxenTM (Car)/
Polydimethylsiloxane (PDMS), Supelco, Bellefonte, PA) was inserted into the vial to
extract the volatile compounds that were present in the headspace. The three phase SPME
fiber was selected since it previously exhibited the best extraction performance for
medium and high molecular weight analytes in dry cured hams (Gianelli et al., 2002).
The SPME fiber was exposed to the generated sample headspace for 1 hr at 50˚C in a
thermostatic heating block (Reacti-therm Heating/ Stirring Module, Pierce Biotechnology
Inc., Rockford, IL) with constant stirring using a magnetic octagonal stirring bar (8 mm
diameter x 13 mm length, Fisher, Pittsburgh, PA). The volatiles were thermally desorbed
from the SPME fiber into the injection port of either a Varian 3900 gas chromatograph
(Varian Inc., Walnut Creek, CA), or a Varian 3800 flame ionization detector with a sniff
port.
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5.2.3. Gas Chromatography-Mass Spectrometry (GC-MS)
Analysis of volatile compounds (Ruiz et al., 1998) adsorbed on the SPME fiber
was performed using a Varian 3900 gas chromatograph equipped with a CP-1177
Split/Splitless injector and a DB-5 column (30m long x 0.25 mm i.d., 0.25 ȝm film
thickness, J & W Scientific, Folsom, CA) and coupled with a Saturn 2100T ion trap mass
selective detector (MSD, Varian Inc., Walnut Creek, CA). Operating conditions were as
follows: injector temperature of 225˚C, column flow rate of 4 mL/min, initial oven
temperature of 35˚C for 4 min hold time with 14˚C/min ramp rate to 250˚C, and a
pressure of 10 psi and equilibration time of 0.25 min. The detector temperature was
250˚C, and the total running time was 12.36 min. For the MS, the interface temperature
was 250˚C with an ionization energy of 70 eV. The mass range, scan rate and flow rate
were 33-350 a.m.u., 2.2 scan/s and 0.96mL/min. Ultra high purity helium (Airgas, West
Point, MS) gas was used as the carrier gas for the experiment. Analysis of each sample
was repeated in triplicate to ensure reproducibility of the results. The mass spectral data
for volatile compounds (for GC-MS) was determined by using the library search
algorithm, NIST02 Mass Spectral Database (NIST, Maryland; purchased from Varian
Inc.). The following reference compounds were utilized to verify the volatile compounds
that were identified using the mass spectrometer: carbon disulfide, 2-propanethiol, 2butanone, 3-methylbutanal, hexanal, 2- heptanone, heptanal, methional, 2,5- dimethyl
pyrazine, limonene, benzeneacetaldehyde, 2-methoxy phenol, 2-nonen-1-ol, 4-methyl-2methoxy phenol, benzothiazole, 4-ethyl-2-methoxy phenol and 2,6-dimethoxy phenol
(Sigma–Aldrich Chemical Co., Milwaukee, WI).
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5.2.4. Gas Chromatography-Olfactometry-Flame Ionization Detector (GCO-FID)
Aroma impact compounds in the hams was identified using a gas chromatograph
(Varian CP-3800, Varian Inc., Walnut Creek, CA) equipped with a sniffing port (ODO-I,
SGE, Kramer Lane, Austin, TX) and a flame ionization detector (FID). A DB-5 capillary
column (30m long x 0.25 mm i.d., 0.25 ȝm film thickness), J&W Scientific, Folsom, CA)
was used to separate the volatile compounds. The sniffing port was equipped with
humidified air at a flow rate of 30 ml/min to maintain olfactory sensitivity. Three trained
panelists (>30 hrs experience with dry cured ham) evaluated the aroma associated with
the volatile compounds that were present in the control and fumigated samples. The
intensity of the perceived aroma was rated by each panelist using a 0–15 potentiometric
sliding scale (Osme Software, Starkville, MS). The retention time, intensity and verbal
description of the aroma were listed by a coworker. Operating conditions for the GC
portion of the GCO were identical to those of the GC–MS.

5.2.5. Identification of Aroma Impact Compounds
Volatile compounds were tentatively identified using the library search algorithm,
NIST02 Mass Spectral Database on the GC-MS and were further substantiated by
obtaining odor descriptors from the gas chromatograph-olfactometer/flame ionization
detector (GCO-FID). The retention indices were calculated using retention times of
volatile compounds and retention times of n-alkane series from C5-C18 for both the GCMS and GCO-FID data. The retention indices (RIs) and the odors perceived at the
sniffing port of the GCO-FID were compared with literature to reach the final compound
list. The aroma impact compounds were also confirmed by running the authentic
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standards, listed in section 5.2.3, on the GCO-FID and matching their RIs and the aroma
quality perceived at the sniffing port with literature (Pham et al., 2008; Ramirez and
Cava, 2007; Gianelli et al., 2002; Flores et al., 1997).

5.2.6. Sample Preparation for Sensory Analysis: Triangle Test
Triangle tests were performed to determine if consumers could perceive a
difference between ham samples that were fumigated with CO2 at concentrations of 0 and
60% for 96 hrs and O3 at concentrations of 0 and 175 ppm. Refrigerated ham slices were
equilibrated to room temperature. Ham slices were then wrapped in Reynolds™ extra
heavy duty foil bags and placed on a metal baking dish prior to placement in the oven.
Hams slices were cooked at 177˚C to a temperature of 71˚C. The temperature was
checked using an infrared thermometer (Horiba IT-330, Horiba Inc. Irvine, CA).
Oven baked ham slices were cut into square pieces (2.54 cm X 2.54 cm), and
placed in chafing dishes (60˚C) for 0-15 min and then evaluated by consumers (n=54).
Upon serving, ham pieces were placed in 29.5 ml plastic containers (Sweetheart Cup
Company, Owings Mills, MD), that were coded with three digit random numbers. Each
panelist received 3 containers of ham for every session, in which two were the same
treatment and one was different. The presentation order of the 3 samples was randomized
for each panelist to account for bias. Panelists were asked to choose the sample that was
different from the other 2 samples. Panelists evaluated dry cured ham samples in separate
booths in a well ventilated and temperature controlled room under fluorescent lighting.
Panelists were provided with water (Mountain Spring Water, Blue Ridge, GA), unsalted
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crackers (Premium Nabisco, NJ) and expectorant cups (Dart Container Corporation,
Mason, MI), to remove residual flavors in between sample evaluation.

5.2.7. Statistical Analysis
Randomized Complete Block Designs with 3 replications and 3 subsamples were
used to differentiate (P < 0.05) between the dry cured ham fumigation treatments in
respect to the composition of volatile flavor compounds for both CO2 and ozone treated
hams. When significant differences (P < 0.05) existed among treatments, Tukey’s
Honestly Significant Difference test was utilized to separate the treatment means. For the
triangle tests, the number of panelists and correct responses were used to determine
significant differences (P < 0.05) among treatments based on Table 17.8 in Meilgaard et
al., (2007).

5.3. Results and Discussion

5.3.1. Aroma Impact Compounds in Control and Fumigated Dry Cured Ham Samples
Greater than 35 volatile compounds were detected in control and CO2 fumigated
hams through GC-MS analysis, and fifteen of these compounds were identified as aroma
impact compounds through GCO-FID analysis. The aroma active compounds that were
present in the CO2 fumigated ham samples are listed in Table 5.1. In the second
experiment, greater than 40 volatile compounds were detected in the control and O3
fumigated hams through GC-MS analysis, and fifteen of these compounds were identified
as aroma impact compounds through GCO-FID analysis (Table 5.2). These compounds
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and chemical families agree with previous studies conducted on dry cured hams (GarciaGonzalez et al., 2008; Pham et al., 2008; Huan et al., 2005; Andres et al., 2002; Carrapiso
et al., 2002; Ruiz et al., 1999; Berdague et al., 1993; Buscailhon et al., 1993).
Control and fumigated samples had some minor differences in the odors that were
associated with their volatile compounds. In CO2 fumigation, the control sample (0 %
CO2) had more intense cheesy, green, baked potato, cooked rice, buttery popcorn odors,
while the fumigated (60% CO2 for 96 hr) sample had more intense rose-like, fresh, green,
fruity, citrus, floral, cocoa, vitamin, roasted meat, savory, smoky and sweet ham odors
associated with the volatile aroma impact compounds in the ham (Table 5.1). In addition,
there were elevated concentrations of 2-heptanone, limonene, 2,5-dimethyl pyrazine,
phenols (2-methoxy phenol, 4-ethyl-2-methoxy phenol and 2,6-dimethoxy phenol) and
total volatile compounds in 60% CO2 for 96 hr samples when compared to other
treatments. However, no other differences (P > 0.05) existed in peak areas among aroma
impact compounds.
In O3 fumigation, the control sample (0 ppm) had more intense unpleasant, sulfur,
putrid, unpleasant, burnt, gasoline and rubbery odors as compared to the fumigated
samples and the fumigated samples(175 ppm) had more intense green, sweet, fermented,
milky, cocoa, baked potato, citrusy, fruity, smoky and sweet hams odors as compared to
the non fumigated control (Table 5.2). In addition, there were elevated concentrations of
3-methyl butanal, methional, 2,6-dimethoxy phenol and total volatile compounds in 175
ppm samples when compared to other treatments. However, no other differences (P >
0.05) existed in peak areas among other aroma impact compounds.
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Sulfur compounds are important contributors to meat flavor because of their low
flavor threshold and their contribution to the meaty note in cooked foods (Drumm and
Spanier, 1991; Flores et al., 1997). Sulfur compounds such as carbon disulfide (sulfury
aroma) and 2-propanethiol (unpleasant, putrid odor) are formed from the amino acids
methionine, cysteine and cystine, via Strecker degradation to thiols (Shahidi et al., 1986;
Flores et al, 1997). Benzothiazole (gasoline and rubber like odor), another sulfur
compound was detected in both control and O3 fumigated samples but there was a greater
contribution to the aroma in the control sample based on an increased aroma intensity
(Table 5.1, 5.2). This compound can be formed due to the Maillard reaction and provides
rich sources of intermediates for further flavor-forming reactions, including the formation
of pyridines, thiazoles and oxazoles (Huan et al., 2005; Mottram, 1998; Heath and
Reineccius, 1986).
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Methional (baked potato, grassy odor) has been perceived in different dry cured
ham studies and is formed due to the Strecker degradation of methionine (Farmer, 1994).
For O3 fumigation, the fumigated treatment (175 ppm) had higher concentrations (P <
0.05) of methional when compared to the non-fumigated control in the lean muscle
fraction (Table 5.4) which could potentially have a negative effect on the flavor and
sensory quality of the product. However, the slight differences in aroma quality perceived
by GCO are not a direct indicator of changes in sensory perception.
Methyl-branched aldehydes such as 3-methylbutanal and benzeneacetaldehyde
are major flavor contributors to dry cured hams due to their low odor thresholds and
distinctive aroma characteristics (Careri et al., 1993). Other aldehydes such as hexanal
and heptanal cause the loss of the desirable flavors in meats because of their high rate of
formation during lipid oxidation. However, these compounds are commonly present in
dry cured hams due to aging and are not necessarily a detractant to the acceptability of
the product (Flores et al., 1997; Frankel, 1985). Hexanal (green, fat, tallow odor) is one
of the predominant breakdown products and indicators of the lipid oxidation of n-6 fatty
acids (Barbieri et al., 1992) and is commonly derived from the oxidative decomposition
of linoleic acid (Flores et al., 1997). Heptanal is a typical oxidation product of n-3 and n6 polyunsaturated fatty acids (PUFAs), which exhibits citrus, green, fatty, rancid and
smoky aroma notes when present in food products at a concentration above the odor
threshold (Olsen et al., 2005). These compounds, though not statistically different, had
higher numerical concentrations at the highest fumigation levels when compared to
control treatments.
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4-Methyl-2-methoxy phenol

Benzothiazole

4-Ethyl-2-methoxy phenol

2,6-Dimethoxy phenol

11.66

12.08

12.57

13.27

1359

1287

1240, 1242

1121, 1172

1109, 1149, 1169

1126, 1128

1029, 1031, 1033

925

905, 913

902, 903, 909

899, 900

784, 801

641, 646, 650

590, 597, 605

578, 658

534

1357

1285

1244

1173

1168

1127

1035

925

908

902

891

795

642

593

<500

<500

Retention Indexb
(Sample)

a, b, c, d

a, b, c, d

a, b, c, d

a, b, c, d

a, b, c, d

a, b, c, d

a, b, c, d

c, d

a, b, c, d

a, b, c, d

a, b, c, d

a, b, c, d

a, b, c, d

a, b, c, d

a, b, c, d

a, b, c, d

savory, smoky ham

sweet ham

gasoline, rubber

sweet ham

melon, mushroom

cocoa, smoky

green, citrus, fruity

cooked rice, buttery popcorn

cocoa, roasted meat, burnt

baked potato, grassy

citrus, green, fruity, smoky ,rancid

green, cut green grass

green, almond, malty, cocoa

milky, cheesy, alcoholic

unpleasant, putrid

sulfur, unpleasant

Method of Identificationc Aroma Descriptorsd

6.0

7.0

13.0

6.0

7.5

10.0

4.0

9.0

8.5

7.0

0.0

0.0

3.5

6.0

6.0

0 ppm
9.0

9.0

6.5

8.0

7.0

5.0

9.0

8.5

7.5

5.0

10.0

7.5

6.0

6.0

7.5

0.0

175 ppm
3.5

Aroma Intensitye

a
Aroma impact compounds are presented in order of their elution on the DB-5 capillary column. bRetention indices calculated for DB-5 capillary column (J & W Scientific:
30m x 0.25 mm i.d. x 0.25 ȝm film thickness) on a gas chromatograph equipped with a sniffing port and flame ionization detector. cCompounds were identified by: a - Mass
spectrum tentatively identified using NIST02 library, b - Retention index calculated using GCO data and aroma perceived at sniffing port match those of an authentic standard,
c - Retention index calculated using GCO data and aroma perceived at sniffing port in agreement with literature, d - Aroma perceived at the sniffing port d Aroma quality
perceived by both panelists during SPME-Osme-GCO. eAverage aroma intensity perceived at the sniffing port during SPME Osme-GCO.

2-Nonen-1-ol

2,5- Dimethyl pyrazine

8.02

2- Methoxy phenol

Methional

7.91

10.62

Heptanal

7.86

10.47

Hexanal

6.06

Limonene

3-Methylbutanal

3.12

9.73

2-Butanone

2.42

Unknown

2- Propanethiol

2.16

8.72

Carbon Disulfide

2.06

Retention Indexb
(Literature)

Aroma Impact Compounds detected in the headspace of control and O3 Fumigated Dry Cured Hams during SPMEGCMS and SPME-GCO-FID.

Retention Timea Compounda

Table 5.2.





3-methylbutanal (green, almond, nutty, cocoa aroma) is associated with nutty, cheesy and
salty notes in dry cured ham. These compounds are formed by the Strecker degradation
of amino acids such as leucine in Maillard browning reactions which may be favored in
dry-cured ham due to a high free amino acid content (intense proteolysis), low water
activity (effect of salting) and by the long aging period (Huan et al., 2005; Berdague and
Tournayre, 2002; Mottram, 1998).
Four aldehydes (hexanal, heptanal, 3-methyl butanal and benzeneacetaldehyde)
were detected in the headspace of the dry-cured hams fumigated with CO2. The peak
areas of aldehydes were numerically greater, but not significantly different in carbon
dioxide treated samples when compared to the control (Table 5.3).
Three aldehydes (hexanal, heptanal and 3-methyl butanal) were detected in the
headspace of the dry-cured hams fumigated with O3. There were higher concentrations (P
< 0.05) of 3-methyl butanal in the fumigated samples when compared to non-fumigated
control in the both lipid and muscle fractions (Table 5.3, 5.4). In addition, heptanal and
hexanal peak areas were numerically greater, but not significantly different in ozone
treated samples when compared to the control. Based on these results, we can assume that
O3 fumigation at 175 ppm induced some oxidation in the hams.
Phenols

such

as

2-methoxyphenol

(cocoa,

smoky

odor),

4-methyl-2-

methoxyphenol (sweet ham odor), 4-ethyl-2-methoxyphenol (sweet ham odor) and 2,6dimethoxyphenol (savory, smoky ham odor) were detected in hams. These compounds
are commonly produced due to the smoking process of hams. When meats are smoked,
cellulose breakdown leads to the formation of furans, phenols, pyrazines, some low
molecular weight aliphatic aldehydes and alcohols. The reactions that occur closely
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resemble Maillard reactions, except that smoke borne aldehydes and protein amino acids
in the meat are involved (Poligne et al, 2002; Hollenbeck, 1994). The lean fraction of the
CO2 fumigation treatment (60% CO2 for 96 hr) had higher concentrations (P < 0.05) of 4methyl-2-methoxyphenol when compared to the non-fumigated control (Table 5.3). In the
lipid fraction, there were higher concentrations (P < 0.05) of 2-methoxyphenol, 4-ethyl-2methoxyphenol and 2,6-dimethoxyphenol in fumigated samples as compared to nonfumigated control samples (Table 5.3). This reveals that CO2 fumigation enhanced the
detection of volatile flavor compounds that are smoked with wood chips. When hams are
smoked with wood chips, phenols are produced. The liberation or release of these
phenolic groups can be enhanced by acidification with carbon dioxide. Thus CO2
fumigation may be responsible for the increase in phenolic compounds that were evident
in the current study (Huibers and Parkhurst, 1983). The lipid fraction of the O3
fumigation treatment (175 ppm) had higher concentrations (P < 0.05) of 2,6dimethoxyphenol when compared to the non-fumigated control (Table 5.4). Ozone
treatment promotes the liberation and transformation of phenolic compounds, already
present in food product, but also stimulates the metabolism of phenolic compounds
(Roshchina and Roshchina, 2003).
Methyl ketones such as 2-butanone (sweet, alcoholic odor) and 2-heptanone
(burnt meat, vitamin odor) were identified in control and fumigated hams. Generally,
methyl ketones have moderate aroma strength and are produced by the ȕ-oxidation of
unsaturated fatty acids (Poligne et al., 2002; Dirinck et al., 1997). In the muscle fraction,
there were higher concentrations (P < 0.05) of 2-heptanone in fumigated (60% CO2 for
96 hr) samples as compared to control and other fumigation treatments (Table. 5.3).
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Feed could be the source of terpenes such as limonene (citrusy, fresh odor) which
can accumulate in the lipids of living animals (Huan et al, 2005; Buscailhon et al, 1993).
In the muscle fraction, there were higher concentrations (P < 0.05) of limonene in
fumigated (60% CO2 for 96 hr) samples as compared to control and other fumigation
treatments (Table 5.3). Treatment with CO2 probably does not increase the concentration
of limonene, but it is likely that it enhances the release of limonene from the muscle
tissue.
Pyrazines are normally considered to be key flavor components in many foods,
because they impart nutty, roasted and toasted aromas (Pastorelli et al., 2003). Pyrazines
such as 2,5-dimethyl pyrazine (cocoa, roasted meat odor) were typical products of
Maillard reactions that occurred extensively during meat cooking (Huan et al., 2005). For
the lean fraction, orthogonal contrasts revealed that there were higher concentrations of
2,5- dimethyl pyrazine in the CO2 fumigated samples as compared to non-fumigated
control samples (Table 5.3). The proportion of pyrazine compounds increase in cooked
meat as influenced by aging time with longer aging resulting in higher values probably
due to increase in sugars and amino acids associated with aging (Flores et al., 1993;
Maga, 1982).
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a-b

Means within a row with same letter are not significantly different (P > 0.05) within either the muscle or lipid fractions.

60% (48 hrs)
3.25a
2.24a
3.11a
4.16a
2.66a
1.73a
2.63a
2.36a
3.62a
6.18a
2.93a
8.55a
6.28a
4.31b
1.64b

60% (96 hrs)
6.16a
3.67a
3.02a
3.22a
5.64a
6.84a
5.53a
6.71a
6.29a
5.90a
14.65a
11.06a
18.60a
17.15a
21.13a

0 % (48 hrs)
6.99a
2.21a
4.12a
3.25a
6.44a
3.90a
2.22a
2.91a
2.83a
8.26a
2.79b
7.29a
3.31a
3.52b
2.29b

60% (96 hrs)
23.04a
4.04a
12.78a
10.73a
7.65a
4.44a
12.43a
6.47a
6.44a
13.04a
12.78a
29.34a
17.95a
12.98a
29.27a

0 % (48 hrs)
4.20a
2.15a
5.66a
2.30a
3.86ab
2.74a
2.40a
4.62a
3.69b
3.37a
1.93a
3.14a
3.25ab
1.87a
3.88a

60% (48 hrs)
5.09a
3.01a
2.70a
4.08a
2.02b
4.24a
2.25a
2.32a
4.28ab
3.50a
4.84a
17.60a
2.54b
9.06a
3.15a

Mean Lipid Peak Area (Total ion counts/105)in different CO2
fumigated treatments

Mean Muscle Peak Area (Total ion counts/105)in different CO2
fumigated treatments

Mean Muscle and Lipid Peak areas of aroma impact compounds in control and CO2 treated hams.

Carbon Disulfide
2- Butanone
3-Methylbutanal
Hexanal
2-Heptanone
Heptanal
Methional
2,5- Dimethyl Pyrazine
Limonene
Benzeneacetaldehyde
2- Methoxy Phenol
2-Nonen-1-ol
4- Methyl-2-methoxy Phenol
4- Ethyl-2- methoxy Phenol
2,6- Dimethoxy Phenol

Compound

Table 5.3.
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a-b

175 ppm
5.86a
6.28a
5.18a
6.54a
7.49a
6.86a
4.10a
7.05a
4.76a
7.29a
4.61a
3.78a
3.67a
4.64a
5.95a

0 ppm
6.99a
2.21a
4.12a
3.25b
6.64a
3.90a
2.22a
2.91a
2.83a
5.44a
2.79a
6.02a
3.31a
3.52a
2.29b

Means within a row with same letter are not significantly different (P > 0.05) within either the muscle or lipid fractions.

0 ppm
4.20a
2.15a
5.66a
2.30b
3.86a
2.74a
2.40b
4.62a
3.69a
3.38a
1.93a
3.14a
3.25a
1.87a
3.88a

175 ppm
11.48a
6.20a
4.74a
7.94a
9.25a
10.91a
4.20a
4.93a
2.93a
8.26a
8.29a
7.29a
3.68a
13.33a
5.52a

Mean Muscle Peak Area (Total ion counts/105) in different O3 Mean Lipid Peak Area (Total ion counts/105) in different O3
fumigated treatments
fumigated treatments

Mean Muscle and Lipid Peak areas of aroma impact compounds in control and O3 treated hams.

Carbon Disulfide
2-Propanethiol
2- Butanone
3-Methylbutanal
Hexanal
Heptanal
Methional
2,5- Dimethyl Pyrazine
Limonene
2- Methoxy Phenol
2-Nonen-1-ol
4- Methyl-2-methoxy Phenol
Benzothiazole
4- Ethyl-2- methoxy Phenol
2,6- Dimethoxy Phenol

Compound

Table 5.4.





The unknown compound, with distinct cooked rice, buttery popcorn odor, was
detected in the headspace of both control and fumigated samples (Table. 5.3, 5.4). It was
not detected by the Mass Spectral Database in GC-MS but the distinct aroma was
perceived by all the panelists at the sniffing port of the GCO-FID. This compound is
possibly dimethyl pyrazine or acetylpyrolline. Acetylpyrolline is an aroma compound
that contributes to the distinct flavors of white bread, jasmine rice and basmati rice. This
compound is commonly formed due to Maillard reactions during heating of food such as
baked bread (Wongpornchai et al., 2003).
Alcohols were detected in all hams and contributed to ham odor, but no
differences (P > 0.05) in peak areas were detected among treatments for these compounds
(Table. 5.3, 5.4). In addition, these compounds have been previously identified as odor
impact compounds in dry cured hams by many researchers (Pastorelli et al., 2003; Flores
et al., 1997).

5.3.2. Sensory Difference Test: Triangle Test
For CO2 fumigation, the 0 and 60% for 96 hr samples were selected for the
triangle test because 60% CO2 has been shown to destroy red legged ham beetles and
ham mites. Consumers were unable to detect a difference (P > 0.75) between the high
CO2 fumigated samples and the non-fumigated control samples. Only 18 out of 54 people
(33.3 %) chose the correct ham, which is a probability of 33.3 %, the probability of
randomly guessing which ham is different. Since the p-value was so high (P > 0.75) and
three replications of hams were evaluated, there was sufficient evidence to demonstrate
that sensory differences did not exist between non-fumigated hams and hams that were
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fumigated with CO2 for 96 hours. Hams that were fumigated from 0 and 60 % CO2 for 96
hrs had minimal differences in flavor quality according to GCO, did not differ in peak
areas of aroma impact compounds according to GC-MS analysis and consumers did not
detect a difference between treatments. Therefore, 60 % CO2 could be used to fumigate
dry cured hams that are infested with red legged beetles and ham mites since it is able to
kill ham mites and beetles at 144 hr exposure (Philips, 2009).
For O3 fumigation, the 0 and 175 ppm samples were selected for the triangle test
because 175 ppm has been shown to destroy red legged ham beetles and ham mites.
Consumers were unable to detect a difference (P > 0.75) between the high O3 fumigated
samples and the non-fumigated control samples. Only 16 out of 56 people (28.6 %) chose
the correct ham, which is a lower probability than 33.3 %, the probability of randomly
guessing which ham is different. Since the p-value was so high (P > 0.75) and three
replications of hams were evaluated, there was sufficient evidence to demonstrate that
sensory differences did not exist between non-fumigated hams and hams that were
fumigated with O3 at 175 ppm. Hams that were fumigated from 0 and 175 ppm O3 for 48
hr had minimal differences in flavor quality according to GCO, did not differ in peak
areas of aroma impact compounds according to GC-MS analysis and consumers did not
detect a difference between treatments. Therefore, 175 ppm O3 was selected to kill both
ham mites and ham beetles at 48 hr exposure as according to Philips (2009), more than
100 ppm O3 could be used to kill mites and more than 150 ppm O3 could be used to kill
ham beetles at 48 hr exposure under laboratory conditions.
The use of CO2 and O3 as potential alternatives to methyl bromide for fumigation
in food processing and stored-grain facilities has potential limitations. The CO2
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fumigation system must be leak proof (Page et al., 2002). Additionally, CO2 can
potentially cause fatalities in plants and is expensive to use (Ryan et al., 2006). Ozone is
also expensive to use and it is a potential oxidizer so it can cause oxidation of foods thus,
it can produce some off odors and off flavors (Kells et al., 2001). In addition, ozone does
not penetrate the surface of the food product an therefore it has limitations in its ability to
eradicate pest infestations. However, even with these limitations, CO2 and ozone need to
be evaluated at individual plants to determine if it can be utilized as potential alternatives
to methyl bromide since they do not negatively affect sensory quality and are effective at
killing Tyrophagus putrescentiae and Necrobia rufipes under laboratory conditions.
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CHAPTER VI
CONCLUSIONS

All fumigants that were evaluated have minimal effects on the volatile flavor
composition and sensory quality of dry cured ham. In addition, sulfuryl fluoride and
phosphine did not leave residual amounts of these fumigants or fluoride ions in the ham
at levels that are above the regulated residue levels for dry cured hams. Since ozone and
phosphine were able to eradicate red legged ham beetles and ham mites at the bench top
level, these fumigants needs to be evaluated further for their potential to eradicate pest
infestations in the dry cured ham industry at the plant level.
In future studies, research needs to be performed to determine the economic
feasibility of using methyl bromide alternatives to eradicate Tyrophagus putrescentiae
and Necrobia rufipes infestations by performing economical analysis based on price and
dosage of these fumigants. Also, the effects of aging and smoking on the sensory quality
and volatile composition of the fumigated dry cured hams at different times need to be
evaluated. In addition, hams need to be evaluated for residual fumigant concentrations
when hams are fumigated multiple times during the aging process to verify their safety
and sensory quality.
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Carbon Dioxide

x

x
x

Sulfuryl Fluoride

x

x
x
x

Phosphine

x
x

x

Effective on ham mites at concentration of
1000 ppm for 48 hr exposure and effective
on red legged ham beetles at concentration
of 400 ppm for 48 hr exposure under
laboratory conditions.
Eliminates pests rapidly.
Leaves minimal residues.
Effective on ham mites (all stages except
eggs) at concentration of 100.3 g/m3 for 48
hr exposure and effective on red legged
ham beetles (all stages) at concentration of
24 g/m3 for 48 hr exposure under
laboratory conditions.
Better dispersion and penetration qualities.
Effective on all stages of ham mites and
effective on red legged ham beetles (egg
and adult stages) at concentration of 60%
for 144 hr exposure.
Doesn’t leave any harmful residues.

Advantages and Effectiveness
Effective on ham mites at concentration of
> 100 ppm for 48 hr exposure and effective
on red legged ham beetles at concentration
of > 150 ppm for 48 hr exposure under
laboratory conditions.
Effective on all life stages of insects.
Already being used in plants for sanitation
of equipments, floors etc.

Summary of the Potential Alternatives to Methyl Bromide.

Potential Fumigant
Ozone

Table 6.1.



x

x
x

x

x

x
x

x
x

x
x

x

Not effective on larval and pupal stages of
red legged ham beetle at concentration of
60% for 144 hr exposure.
Leak proof system is needed.
Dangerous (can cause accidents and
fatalities).
Expensive to use.

Not effective on egg stage of ham mites.
To be effective on ham mites, sulfuryl
fluoride concentration of 3 times the label
rate (31.2 g/m3) is required.
Expensive and dangerous in large
quantities.

Corrosive and chemically volatile in nature
Some pests have developed resistance to
phosphine.

Limitations
Can potentially cause oxidation of food
products which can produce off odors and
off flavors.
Does not penetrate surface of the hams
Expensive to use.
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Informed Consent Form – Dry Cured Ham
(You must be over 18 in order to participate)
Title of Study: Relationships Among Volatile Flavor Compounds, Sensory Descriptors and Consumer
Acceptability of Dry-Cured Ham Exposed to Processing Aides Designed to Combat Pest Infestations.
Study Site: Department of Food Science, Nutrition and Health Promotion, Garrison Sensory Evaluation Laboratory
Name of Researcher(s) & University affiliation: Ramandeep Sekhon (Graduate Student), Dr. Mark Wes Schilling
(Faculty Advisor, Assistant Professor), Alessandra J. Pham (Graduate Student), Viodelda Jackson (Research
Associate II).
What is the purpose of this research project? To determine the Relationships Among Volatile Flavor Compounds,
Sensory Descriptors and Consumer Acceptability of Dry-Cured Ham Exposed to Processing Aides Designed to Combat
Pest Infestations. These processing aides include treatments (Carbon dioxide, methyl bromide, Profume, phosphine,
ozone) that are used to treat bug infestations that can occur in food storage buildings and food products
How will the research be conducted? You will be asked to taste __3-8___ dry-cured ham samples. You will then be
asked to record your responses on the provided score sheets.
Are there any risks or discomforts to me because of my participation? There are no anticipated risks or discomforts.
You may discontinue your participation at any point.
Does participation in this research provide any benefits to others or myself? Yes, this research will determine if
any alternative to methyl bromide is able to combat and prevent pest infestations that are common to dry cured ham.
Methyl bromide is the only known processing aide that is completely successful at combating and preventing these
infestations, but it is also known to deplete the ozone layer.
Will this information be kept confidential? Yes. Only the 4 researchers who design this study will have access to
this information. Also, please note that these records will be held by a state entity and therefore are subject to disclosure
if required by law.
Who do I contact with research questions? If you should have any questions about this research project, please feel
free to contact (Dr. Wes Schilling) at (662-325-2666). For additional information regarding your rights as a research
subject, please feel free to contact the MSU Regulatory Compliance Office at 662-325-5220.
What do I do if I am injured at a result of this research?
In addition to reporting an injury to (Dr. Wes Schilling, 662-325-2666) and to the Regulatory Compliance Office (662325-5220), you may be able to obtain limited compensation from the State of Mississippi if the injury was caused by
the negligent act of a state employee where the damage is a result of an act for which payment may be made under §1146-1, et seq. Mississippi Code Annotated 1972. To obtain a claim form, contact the University Police Department at
MSU UNIVERSITY POLICE DEPARTMENT, Stone Building, Mississippi State, MS 39762, (662) 325-2121.
What if I do not want to participate?
Please understand that your participation is voluntary, your refusal to participate will involve no penalty or loss of
benefits to which you are otherwise entitled, and you may discontinue your participation at any time without penalty
or loss of benefits. Additionally, you may skip any portion of the taste evaluation process
You will be given a copy of this form for you records.
____________________________
Participant Signature
____________________________
Investigator Signature

__________
Date
__________
Date
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APPENDIX B
TRIANGLE TEST- CONSUMER SCORE SHEET
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Date___________________
Type of Sample: Dry-cured hams

INSTRUCTIONS
You have been provided with a tray containing three coded ham samples. Please, follow the
instructions indicated below:
1. Taste each coded ham sample from left to right. Please finish tasting
the first sample before tasting the next sample.
2. Two coded ham samples are identical (in taste); one is different (odd).
3. Select the different (odd) sample and record the three digit number that
corresponds with that sample. Please record only one three digit number.
4. Please, expectorate the sample in the cup provided and rinse with the water provided.

Tray
865

Which is the odd/different sample?
692

471

________________________

Comments:
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